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© High hardness fine grained tungsten-carbon alloys and process for making, sairie. 

,© Extremely hard, fine grained tungsten/carbon, alloys are described which are produced by thermochemical 
deposition The alloys consist- primarily of a mixture of a substantially pure tungsten phase and at least one 
£4 carbide phase wherein the carbide phase consists of VV 2 C or YYaC or a mixture of WzC and W 3 C. The disclosed 
^tungsten/carbon alloys are free of columnar grains and consist essentially of extremely fine, equiaxial crystals. 
Also disclosed is.a method of producing the disclpsed. material. : " . 
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HIGH HARDNESS FINE GR/fll TUNGSTEN-CARBON ALLOYS AND PRO FOR MAKING SAME 



Held of the Invention * - 

This invention • relates . to high hardness fine grained tungsten-carbon alibys arid to a process for 
producing the same. 

. Background of the Invention 



w 



High hardness materials are widely used as coatings on various types of mechanical components and 
cutting tools. Such coatings impart wear and erosion resistance and thus increase the wear and. erosion life 
of objects that, have been coated. The high hardness materials cari also, be used to produce free standing 

75 objects which are wear resistant 

Chemical, vapor deposition processes can be used to produce high hardness coatings and high 
hardness free standing objects. In a typical chemical vapor deposition (CVD) process the substrate to be 
coated is heated M a suitable, chamber and then a gaseous feactani mixture is introduced into the chamber. 
The gaseous reactant mixture reacts at the surface of the substrate to form a coherent layer of the desired 

20 coating. By varying the gaseous reactant mixture and the CVD process parameters, various types of 
deposited coatings can be produced. 

Deposits produced, by chemical vapor deposition, both for coating substrates and for producing free 
standing objects, have ; suffered certain drawbacks. Although the hardness of the deposits has been 
satisfactory, the, : strength and. toughness of the materials has often been lower than desired. This lack of 

25 strength andr. toughness,, is. due, in large part to the grain size, crystallite size, and structure of the 
compounds that make., up the deposit Unfortunately, regardless of the components of the gaseous reactant 
mixture, typical : CVD; techniques, produce coatings having relatively large grains which are arranged in 
columns; ;Thus, cross-sectional, m^ examination of a typical chemical vapor deposition deposit 

will show grains usually in >excess : of several microns in size which are arranged in columns that extend 

30 perpendicuiarjy ^ Such deposits are typically quite brittle since adjacent columns of 

grains result in long interstitial regions of weakness. Such regions are easily fractured and attacked by 
corrosive agents, and erosive media, Because of the columnar grain structure, such deposits also have poor 
surface finish and poor wear. and resistance properties. 

U.S. Patent , 4.^ 24, 1979 to Robert A. Hofzl, discloses a method for producing 

35 deposits of tungsten and carbon or molybdenum and carbon which results in deposits characterized by a 
structure which is free of columnar grains and instead consists esse^ These 
deposits have unusually high hardness and tensile strength. The Holzi patent discloses use of temperatures 
varying from 650* C to 1;1G0°G, which, are high enough to severely <jegrade>. the ^. mechanical properties of 
various carbon steels, stainless steels, nickel alloys, titanium alloys and cemented carbide. . 

40., . .. In the, method of the Holzl '345 patent, a sequence of events, is made to take place which, although 
similar to conventional chemical vapor deposition, is not truly that The Holzi method employs a reactor 
which is essentially similar to a chemical vapor deposition reactor. However, according to the Holzl method 
. . the apparatus is operated in such a manner that the typical chemical vapor deposition; process does not 
take place. Typical chemicaJ vapor deposition involves a single reaction by the gases in the reactor at the 

45 surface of the substrate resulting in the formation of a solid phase deposit directly on the substrate surface. 
On the other hand, the Holzl '345 patent describes a deposition process involving at least tyyb distinct 
reaction steps. According to the Holzl method, an initial reaction is caused to take place displaced from the 
surface of the substrate. This reaction involves a decomposition or partial reduction of a fluoride of tungsten 
(preferably WFe) by a -substitution reaction with an oxygen or oxygen-containing group derived from a 

so gaseous organic compound containing hydrogen, carbon and oxygen. Subsequent reaction with hydrogen 
gas results in the formation of the final deposits. The material of the Holzl '345 patent is a hard metal alloy, 
consisting primarily of tungsten and carbon. X-ray diffraction analysis of the '345 alloy shows that the 
deposit is akin to tungsten but with a very finely dispersed carbide, probably in the form WC. 

U.S. Patent 4,427,445, issued January 24, 1984 to Robert A. Holzl. et al. also discloses a hard fine 
grained material which cain be produced by thermochemical deposition, but at temperatures; lower than 



those described in the^mmples of the '345 patent. Thus, where there aj^arge differences in the thermal 
coefficients of expand^Bptween the substrate material and the coati^^pteriai, the '445 methodology 
reduces adhesion probSs and problems associated with mechanicaJ d^rtion, metallurgical transforma- 
. tion or stress relief of the substrate.The material of the *445 Holzl. et al. patent is a tungsten carbon alloy 
s" consisting primari of substantially pure tungsten and an A15 structure. 

U.S. Patent 3,368,914, discloses a process for adherently depositing tungsten carbide of substantial 
thickness on steel and other metal substrates. The process involves' first diffusing, another metal on the 
surface of the sub^rate to relax the thermal expansion coefficient zone of the metal substrate. The carbide 
■ . coating ia.then deposited on. the, diffused surface by CVD. The process claims it is preferable to diffuse the 
io metal formtng the carbide into the substrate. In one embodiment of the claimed process, a thin layer of W 
V " is ^deposted on^the metal '^rf ace ' using' 60O-1000 '• ; C : "'tenipferaiiire;- After-" coating - ; W; the temperature is 
increased to approximately i 666-1 200 * C and held there for a significant period of time to permit diffusion 
. ..of W- jnto,. the ; .mgteL The.JIffuseid surfM^ is then coated with tungsten carbide using WF 6 ; CO and H 2 . In 
the alternative embodiment;! a pack diffusion technique is used for achieving diffusion of W into metal. 
75 : Temperature ranging from i 666-1 200° C is used in the pack diffusion step. The diffused metal surface is 
: then. coated with tungsten carbide. 

U.S' Patent 3,1389,977, discloses a methpd of depositing substantial pure tungsten carbide in the form of 
WaC, free from any metal phase.. Pure W 2 C is deposited on a substrate by reacting WF S and CO. The 
7 substrate is heated to a temperature in excess of 400° C The adherence of W 2 C to steel is improved by 
20 first cleaning the surface and then depositing with a thin film of W followed by W 2 C using a temperature 
ranging from 600-1000° C- Since tntitial deposition of tungsten is conducted at or above 600 C, the '977 
process is not ffMSibla tor pra^dihg erosion and wear resistance coating on various carbon steels, stainless 
. steels, nickel and .titanium alloys without severely degrading their mechanical properties. Additionally pure 
} \N 2 C deposited ^ accoi^in^ to 'the teachings of the '977 patent consists of columnar grains. The »977 patent 
25 does not describe a process for depositing W 2 C coating in non-columnar fashion. 

U.S Patent 3,574|672 discioses a process for depositing W 2 C by heating a substrate to a temperature 
between ^0-1 300 * C. TW process described in this patent is essentially the same as disclosed in U.S. 
Patent 3,389,977. 

U.S. Patent 3,721 ,577 discloses a process for depositing refractory metal or metal carbides on ferrous 
30 and non-ferrous base materials heated to at least 1050° C. The metal carbides are deposited using halide 
vapors of the metai along with'methane and hydrogen. 

U.S. Patent 3,814,625 discloses a process for the formation of tungsten and molybdenum carbide by 
reacting a mixture of WFs or MoTs, benzene, toluene or xylene and hydrogen. The process is earned out 
uncier atmospheric pressure and temperatures ranging from 400-1000? C. An atomic, ratio of W/C in the 
35 gaseous mixture "varying from 1 to 2 is required to yield W 2 C. The process also, suggests that for some 
'* v ?ub^^ steel, it is advantageous in providing better adhesion to deposit a layer of nickel or 

cobalt prior to tungsten carbide deposition The process also claims the formation of admixture of tungsten 
and tungsteri carbide in the presence of large proportions of free hydrogen. .The mixture. of W and W 2 C 
coating deposited according to the teaching of the '625 patent consists of columnar grams. The '625 patent 
40 does not disclose, a process for depositing a mixture of W and W 2 C in non-columnar fashion. 

• British" Patent 1,326,769 discloses a method for the formation of tungsten carbide by reacting a mixture 
c of WFs , benzene i ? toluene or xylene and hydrogen" under atmospheric pressure and temperatures ranging 
from 400-1 000* C The process disclosed in this patent is essentially the same as disclosed in U.S. Patent 

3,814,625. ■ ' "'' r ; w;j '"' ' ..- • • • ' " \ Atc . 

45 British Patent 1,540,718 discloses a process for the formation of W 3 C using a mixture, of WF 6l benzene, 
! toluene or xylenW and hydrogen under sub-atmospheric pressure and temperature ranging, from 350-500 C. 
" An atomic ratio of W/C in the gaseous mixture varying from 3-6 is required to yield W 3 C The coating 
deposited accord^ teaching of British Patent 1 ,540,71 8 consists of columnar grains. The British '718 
' patent does hot teach a process for depositing a non-columnar coating. " ^ 
so 'Although the methods of the' Holzl patents cited above have- been Useful in producing fine-grained 
tungsten/carbbn allbys ; containing mixtures of W arid WC. and W and A15 structure: and the methods 
: " ^ |fV described In^otn^r cited patents have been successful in producing columnar W 3 C or W 2 C or mixtures of W 
and W 2 C, no one has yet disclosed a method for producing extremely hard; Fine-grained and non-columnar 
r : tung^ mixtures'of tungsten and true carbides jn the form of W 2 C or W 3 C or a 

/" ss " rnjxt^ would be especially useful since the, presence of the.W 2 C and/or 

■ WaC carbides in . non-columnar microstructure would contribute to' both, the hardness, and the tensile 
strength of the deposited materials. 
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Figures 

Figure 1 is a photomicrograph of .an ..etched cross-section of tungsten cpatin^ on AM-350 stainless 



Rgure 2 is a photomicrograph of the surface, of AM-350, stain less steel edited with tungsten. 
. Rgure 3 is an. etched cross-sectional, photomicrograph of W + W3 on AM-350 stainless 

•'Steel.- 1 :'*. s; • * >■.. ,-. v • -,.> t: -..N ; . 

- Rgure 4. is a photomicrograph of the surface of. AM;350 stainless, sA^xos^'wjth W + W 3 C. 
70 . ; : Rgure 5 js,an etched cross-sectional photomicrpgraph of W+WaC poating on SiCHS graphite. 

Rgure 6 is an etched cross-sectional photomicrograph of W + W2C + W3C coating on AM-350 
• stainless steel. - , - , . .., \_ ~. .-,o-- 

.Rgure 7 is a photomicrograph of the surface of AMr350 stain with W + W 2 C + W 3 C. 

. Rgure 8A is an unetched cross-sectional photomicrograph of W + W2C coating on AM-350 stainless 

rs steel. 

Rgure 8B is an etched cross-sectional photomicrograph stainless 

■ Steel. V-- ; " ■ • ' ' '". 

Figure 9 is a photomicrograph of the surface of AM-350 stainless ste^ 

Rgure 10 is a graph showing the relationship between reaction temperature and WFs/DME ratio. 
20 Rgure 11 is an x-ray diffraction scan of a sample containing W 1v W2C and W 3 C phases. 

. Figure . 12 is . an x-ray diffraction scan qf a sample containing W, WaC'and a trace amount of W 2 C 

phases. < - .-- -.7. %£ 

Figure 13 is an x-ray diffraction scan of a sample containing W, W2C and a trace amount of W3C 
phases. 

25 Rgure 14 is an x-ray diffraction scan of a sample containing W and W2C phases. 

Figure 15 is an x-ray diffraction scan of a sample containing W+ W 3 C phases. ' 
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■ * • The invention discloses hard, fine-grained, non-columnar, substantially lamellar tungsten-carbon alloys 
consisting essentially of a mixture of a substantially pure tungsten phase and. ^ carbide phase, wherein the 
; carbide phase is W2C or W3C or a mixture of W2C + W 3 C. The invention also discloses a chemical vapor 

35 deposition like method for - producing the. disclosed , alloys. According ^.to^^eV, {neiKod, the alloys , are 
deposited thermochemically on a substrate, under sub-atmospheric pressure, to slightly atmospheric, 1 e. 
within the range of about 1 Torr • to about 1000 Torr., at a temperature of about 300 ° to about 650* C, 
'•. using a mixture of process gases compnsing a tungsten halide, hydrogen, and an pxygen- and hydrogen- 
containing organic compound. . r . ' 

40 Tungsten carbon alloys containing W + W 2 C, W + W 3 C, or W + W 2 C + WsC can be formed using a 
wide range of process conditions, in addition the microstructure, composition, properties, and crystallite size 
of the new alloys can be controlled by manipulating the process pararneters used to make the alloys. More 
specifically, by conjunctively controlling various in interdependent operating "patemeters, especially the 
reaction temperature within the. range of about 300* to, about 650,* C.the feed rate of tungsten halide to the 

45 oxygen- and hydrogen- containing organic compound to control the W/C atomic ratio within the range from 
about 0.5 to about 15.0, and the ratio of hydrogen to tungsten halide to more than a stoichiometric amount 
• v required from the reduction of tungsten halide, preferably, with) a the^ rang^ 20, and more 

preferably within the range of about 5 to about 10„ it is possible to produce a. tungsten carbide alloy 
containing a carbide phase comprised either of W + W 2 C or W + WaC or a mixture of W + W 2 C + W3C. 
• so Regardless of the composition of, the carbide phase, according, to" the the reaction 

mixture contains more than. a. stoichiometric amount of.Hs required for reduction of the tungsten halide to 
produce W + W 2 C, W + W 3 C, or W + W 2 C, * W 3 C. .-' 
. y' The new tungsten carbon alloys of the present invention consist of' a mixture of W t W2C W + W3C, 
or. W + W 2 C + W 3 C phases. 'These alloys are unexpectedly found, to have non : columnar grains and a 

55 lamellar microstructure. The. new. alloys! hardness values can_be manipulated, by altering process con- 
ditions. . 
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The present invention,, discloses, new non-columnar tungsten carbon alloys consisting essentially of a 
5 - mixture of. a substantially pure, tungsten phase and. a carbide phase wherein the carbide phase can be 
comprised of W 2 C, W 3 C or a mixture of W 2 C + W 3 C. Unite alloys of the prior art that are produced by 
conventional vapor deposition techniques, the tungsten carbon alloys of the present . invention are comprised 
of extremely fine equiaxiaL grains which average, about one micron or less in size. In cross-section, the 
■ alloys of the- present invention, exhibit, a vyejl defined lamellar jmljc^t^m\^ )ffenr^ less than about 2 
70 micrometers thick. The alloys of the invention, are essentially free, of coUjrhhar grains and thus are more 
• resistant to corrosion, wear, and erosion than are prior art alloys composed of columnar grains. 
■oi: The method of the, .present Invention is based on the surprising discovery deposits consisting of a 
,• mixture of a substantially pure tungsten phase and a carbide phase, consisting either of W 2 C or W 3 C or a 
mixture of W 2 C + W 3 C, in a fine grain,, hqn^plumhar Vrhicroslrtcture can be "produced by not only 
rs controlling the temperature of .th>.reaction..but. aiso by. .oo^^J^y^^^^^-^ 1 ^ ratio of * e 
hydrogen to -tungsten halide which takes place in the jnitial.tungsten halide substitution reaction. Since the 
various operating parameters can be, interdependent, the operating parameters should be conjunctively 
controlled As used herein the term "conjunctively controlled" measn that the operating parameters as 
whole are controlled; in other words, the affect of a.change jn one parameter will be used in determining the 
20 operating values for the remaining parameters. For example, a change in the reaction temperature may 
•necessitate a change in the ratio of tungsten halide to the oxygen- and hydrogen-containing organic 

compound * . . ; ...... . j. 

By carefully selecting appropriate combinations of .reaction temperature, the W/C atomic ratio and the 
ratio of hydrogen to tungsten halide, the composition of the carbide phase and the characteristics of the 

25 tungsten carbon alloy can be, controlled. Additional refinement of the carbide phase can be made by 
producing the alloys, in . the. presence or absence of a diluent or inert gas such as argon, nitrogen and 
helium For example. Figure 10 is a graphic representation of the processing and compositional data from 
Examples 3A-H through 5A-U. as tabulated in fables 1 and 2. Using that data as guidelines, if one wishes 
. to produce a tungsten carbon alloy having a carbide phase consisting of WaC and lamellar microstore. 

30 this alloy can be: produced 'at a reaction temperature ranging from 375 -475" C. using dimethyether (DME) 
as an oxygen- and hydrogen-containing organic compound with WF S as the tungsten halide, a W/C atomic 
ratio of less than about 4, for example within the range of about 1 to about 3.5 and a H 2 AVF S ratio of about 

' 10 ' If one wishes to produce a tungsten carbon alloy having a carbide consisting of W 3 C and a substantially 
3S .- lamellar microstructure, this alloy can be produced at a reaction temperature ranging from 375 -475 C. 
using DME, WFs, a W/C atomic ratio of about 2.5 to about 15 and a H 2 /WF 6 ratio of about 10. Finally, if one 
wishes to produce such an alloy having a carbide. phase consisting of a mixture of W 2 C and W 3 C and a 
, substantially lamellar, microstructure. this alloy can be produced at the same conditions except that the W/C 

atomic ratio is jn the range of about 2 to about 10. , ,\ . .. tu ^ 4U . . 

40 Using the teaching of the present invention, it will be readily apparent to those skilled in the art that, in 
these new tungsten carbon alloys, the composition of the carbide phase can be manipulated by changing, 
"in a conjunctively controlled manner, the reaction temperature, the W/C atomic ratio, and the ratio of 
hydrogen to tungsten halide.. Using the teaching of me present invention, such routine alteration of process 
. .- parameters is now well within the skill of one skilled in the art. making it possible to utilize the broad 
45 teaching of the present invention to create custom tungsten carbon alloys having desired compositions and 

•• s characteristics, --..<?.,,.. . ,: . ., „ t 

. Turning now to preferred process conditions for making the tungsten carbon alloys of the present 

. invention* with regard to pressure within the reaction vessel, preferred pressure is usually sub-atmospheric. 

down to 1 Torr . or up to slightly above atfnqsphenc pressure. 1000 Torr ^ - ^, . 

so With regard to the reaction temperature, temperatures of about 300 C to about 650 C. are preferred, 
temperatures in the range of about 400.' C to about .450* C. are especially preferred - 

With regard to the. tungsten halide component of the reaction mixture, according to the method of the 
invention, tungsten fluorides are preferred. Tungsten hexafluonde (WF?) is especially preferred. 

With regard to the hydrogen gas component of the reaction mixture,, it is essential for the deposition of 
"., ss ' . the alloys to.use more ^ of hydrogen required' ^;^jptate_converalon of the 

tungsten fluoride. (e.g., WFsj.to hydrogen fluoride (HF). . .. 

With regard to the, oxygen- and hydrogen-containing organic compound, preferred compounds are 
selected from group consisting of C.-C* alcohols and aidehydes, C 2 -C* ethers.' epoxides and ketenes and 
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C3-C4 ketones, For exam Jj^iethanol. formaldehyde, ethanol, dimethyl i|lp! ketene (carbomethane), 
acetaldehyde, ethylene oxide, vinyl alcohol, acetone, acrolein, ally I alcohol, methyl ethyl ether, isopropyl 
alcohol, n-propyl alcohol, propylene oxide, propene oxide, propiolaldehyde. propionaidehyde, 2-propyne-1- 
ol, 3rmethoxy propyne. vinyl „ether, diethyl eth^r. furah, tetrahydrbfurah, ferotonaldehyde. and a-methyl 

s acrolein. Especially, preferred, is the two carbon and one oxygen-containing organic compound, dimethyl 
- ether (DME). / r "/' .^V ' ' "' ' ^ " ' ; " 

..." Due to the .interdependency of ..the various operating parameters it is to be expected that the operating 
range of the 'jungs&n'riaiide^to bxygbn-and hydrogen- cbhtaining ! organic compound ratio or W/C atomic 
ratio .may . change' depending on the number of carborf atoms in the oxygen- and hydrogen-containing 

10. . organic compound. For example, use of a cpmpbund such as methanol,; with one carbon, atom, would be 
expected to reduce the operating range of the tungsten halide to methanol ratio On the other hand, use of 
a compound such as diethyl ether, which has four carbons, would be expected to increase the operating 
range of the tungsten haiicle to diethyl ether ratio. 

The tungsten/carbon alloys of the present invention 1 can be deposited on a number of ferrous metals 

15 and alloys such as, 'cast iron, carbon steels, stainless steels and high speed steels, non-ferrous metals and 
alloys such as copper, nickel, platinum, rhodium, titanium; aluminum, silver, gold, niobium, molybdenum, 
cobalt, tungsten, rhenium, copper alloys, nickel ailoys such as inconel and monel 0 titanium alloys such as 
; Ti/AI/V, fi/AI/Sn, T\/A\Mp/y t Ti/M^(Zr\/Mo^ Ti/AIAZ/Cr, Ti/Mo/V/Fe/AI, Ti/Ai,V/Cr/Mo/Zr and Ti/AIA//Sn alloys, 
non-metals such as graphite, carbides such as cemented carbide, and ceramics such as silicon carbide, 

20 silicon nitride, alumina, etc. In depositing tungsten carbon alloys of the present invention on reactive 
substrate. materials,:. such as cast irons, carbon steels, . stainless steels, high speed steels, titanium and 
titanium alloys, aluminum and aluminum alloys, and nickel alloys, it is preferred to coat the substrate first 
with a more noble material sucri as nickel, .cobalt, copper, silver, gold, platinum, palladium or irridium, by 
electrochemical or electroless techniques or by physical vapor deposition such as sputtering. However, no 

25 deposition of noble material is required for coating non-reactive materials such as copper, nickel, cobalt, 
silver, gold, platinum, rhodium, niobium, molybdenum, tungsten, rhenium, graphite, carbides and ceramics. 
Free standing parts of tungsten/carbon alloys of the present invention can be made by depositing the alloy 
on substrates such as copper, nickel, cobalt, silver, gold, molybdenum, rhenium, and graphite and then 
removing these substrates by grinding and chemical or electrochemical etching; 

30 The deposits of the present invention are comprised of mixtures of W + W 2 C, W + W 3 C, and W + 
W2C + W3C. the deposits are characterized by a nori-cdlumnar " crystar or grain structure consisting 
,■; essentially, of homogeneous, fine arid equiaxial [ grains having an average crystallite size of less than about 
0.1 microns. This is in contrast to ^ the typical columnar crystal habit of conventional chemical vapor 
deposition. Deposits made by the method of the present invention are essentially lamellar and have been 

35 found to have unusually high wear and erosion resistance and unexpected hardness. 

The Examples which follow illustrate the wide range of operating parameters which can be used to 
create "customized" alloys havfng desired compositions and charactenstics" As a control. Examples 1 and 
2 illustrate production of prior art tungsten consisting of columnar grains The non-columnar grain containing 
alloys of the present invention, are" pxampies 3-5. More specifically, Examples 3A-I illustrate 

40 production of tungsten carbon alloys having a carbide phase consisting of W 3 C. i.e:V a tungsten carbon alloy 
consisting of W + W3C. Examples 4A-N illustrate production of tungsten carbon alloys having a carbide 
phase consisting of W 2 C + W 3 C, i.e., a tungsten carbon alloy consisting of W + W2C + W 3 C. Examples 
. 5A-Z illustrate production of ailoys having a ciarbide phase consisting of W2G, re., a tungsten carbon alloy 
consisting of W + W2C. The data in' Examples 5Q : to 5X also illustrate that a diluent such as argon can be 

45 used,, during the coating reaction to affect coating hardness without concomitantly * affecting coating 
- composition or crystallite size! The date in Examples 31, 4L to 4N, and 5X to 5Z illustrate the effect of using 
different hydrogen to WFs ratio on coating composition. Example 6 illustrates that tungsten/carbon alloys 
can be deposited on cemented carbide without a protective layer of noble material Examples 7 and 8 
illustrate that tungsten/carbon alloys can be deposited on aluminum and titanium alloys with protective layer 

so of noble materials. Example 9. illustrates the ceramic materials such "as alumina car be deposited with 
tungsten/carbon alloys . without a. protective layer of noble materials. Examples 0 . and 1 1 show that 
.tungsten/carbon alloys can be deposited on molybdenum. Example 1 i 2 shows that a tungsten followea by 
tungsten/carbon alloy coatings' can be deposited on various, rrietals and alloys. Example 13 illustrates the 
erosion performance of some of the alloys of the present invention Exarriples 14 and 15 illustrate the wear 

55 performance of tungsten/carbon alloy (W + W2C) of the present invention. 1 Finally; Examples t6 to. 20 
. illustrate that several different oxygen-and-hydrqgen containing' organic compounds can be used to produce 
tungsten/carbon alloys. .'*"""" 
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Using the preferr^^ungsten hands, tungsten hexafluoride (WF s )^^d the preferred oxygen- and 
hydrogen-containing <^^pc compound, dimethyl ether (DME), the Exa^^fe also illustrate the best mode 
of making and using vne\ present invention. The examples are for illustTOve purposes only and are not 
meant to limit the scope of the claims in any way. 

V EXAMPLES FOR TUNGSTEN COATING 



Example 1 ... r -. 

Two 0.095 inch x 1 inch x 2 inch SiC-6 graphite and: .three AM-350 stainless steel specimens were 
75 placed in an inductively heated graphite furnace inside a gas-tight quartz envelope. Stainless steel 
specimens were electroplated with 3-5 urn thick nickel before coating operation to protect them from the 
attack of corrosive HF gas. The specimens were heated to 443° C and a gaseous mixture of 300 cc/min of 
WF^ and 3*000 cc/min of hydrogen was passed into the furnace over the specimens. The total pressure 
within the. system. was maintained at 40 Torr. The . deposition. was qonciucted for 40 minutes; thereafter, the 
20 flowurf the reactive gases was . stopped, and the specimens were copied.. /' 

. The. specimens weire found to be coated with a dull, adherent, coherent, and non-uniform coating of 12 
- to: 50 micrometers thick tungsten on each side (see* Tables .1 and 2).. The cpating. consisted of columnar 
' : grains as shown in Figure I.The coating had a very rough surface finish a?. shown ip Figure 2. The average 
- surface finish: of uncoated AM-350 : stainless steel was 16. micro-inch; whereas, the average surface finish of 
25 : the coated . specimen was 36 .micro-inch. This indicated that the coating degraded, the surface finish of the 
specimen. The coating had a hardness of 510 and 465,Vickers on graphite and stainless steel specimens, 
respectively. 

30 Example 2 - 

: c , : A number of - AM-350 and SS-422 stainless steel and IN-71 8 specimens (0.095 inch x 1 inch x 2 inch) 
electroplated with 3-4. ixm thick layer of either nickel . or copper using eiectrpjytic" technique were placed in 
; : the; furnace similar to that, described in Example 1. The specimens were heated to 443* C and a gaseous 

35 mixture of 300 cc/min of WF 6r 3,000 cc/min of hydrogen, and 4,000 cc/min of argon was passed into the 
furnace over the specimens. The total pressure within the system was the same as in Example 1. The 
deposition, however, was conducted only for 15 minutes; thereafter, the fiow of the reactive gases was 
stopped and the specimens were cooled. 

All the specimens were coated with a dull, adherent, coherent, and uniform coating of 10-12 mm thick 

40 tungsten on each side. The coating consisted of columnar grains and had . rpugh v surface finish. The average 
surface finish of the uncoated AM-350 stainless steel was 16 micro-inch; whereas] -the average surface 
.*. finish of.the coated., specimen was. 18 micro-inch. This, indicated .that the, degradation, of surface finish by 
tungsten coating could be controlled by carefully selecting the processi conditions The hardness of 
tungsten coating varied between 455 to 564 Vickers, as shown in Table 1 . / " 

45 This Example shows that both nickel and copper, interlayers can' be used to protect, the reactive 
substrate from the attack of hot HF gas. 

EXAMPLES FOR TUNGSTEN CARBON ALLOY (W + W 3 C) COATING 



55 



Example 3A ■■ • 

. ... , in this Example, several specimens, of SiC-6. graphite ^nd nickel, plated AM-350 stainless steel were 
coated simultaneously in a single run. All the specimens were 0.093 inches thick, 1 inch wide, and 2 inches 
long. The specimens were heated to a temperature of about 445* C and a gaseous mixture: of 300 cc/min 
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WF 5l 3.000 cc/min of hydroflfeid 40 cc/min of DME was passed into the f^^e over the specimens. A 
WFs'DME ratio of 7.5 or W/C atomic ratio of 3.75 and a H 2 .WF 5 ratio of 10.0 were maintained throughout 
the run. The total pressure was maintained at 40 Torr. to provide a DME partial pressure of 0.48 Torr.. as 
shown in Table 1. The deposition was conducted for 30 minutes. 

5 The graphite and stainless steel, specimens were coated with a bright smooth, adherent coherent, and 
uniform coating. The coating thickness oh stainless steel specimens was -22 micrometer. The coating on 
both graphite and stainless steei specimens was free of columnar grains as shown in Figure 3. The dark 
areas in the etched cross-section of the coating showed areas rich in W3C, indicating non-uniform 
distribution of W and W 3 C in the coating. The coating had a smooth surface finish as shown in Figure 4. 

io The average surface finish of the uncoated AM-350 stainless steel was 16 micro-inch, whereas, the average 
surface finish of the coated specimen was 7 micro-inch. This indicated that the coating improved the 
surface finish of the. specimen. The composition of the coating was determined by X : ray diffraction. It 
consisted of a. mixture pf W and W 3 C phases (see Table 2). 

Example 38 

The CVD run described in Example 3A was repeated with the exceptions of using 30 minutes reaction 
time instead of 40 minutes and 442* C reaction temperature instead of 440* C. Once again graphite and 
20 stainless steel specirnens were coated with a bright smooth, adherent coherent, and uniform coating. The 
. doating thickness on stainless steel and graphite specimens was 15 and 13 micrometers, respectively. The 
coating on graphite and stainless steel specimens was free of columnar grains as shown in Figure 5. The 
etched cross-section of the coating showed some dark areas enriched with W3C, indicating that the 
distribution of W and W3C in this coating was considerably better than than obtained in Example 3A. The 
25 coating was found to contain a mixture of W and W 3 C phases by X-ray diffraction (Table 2). 

Exa mple 3C 

30 The CVD . run described , in Example 3A was repeated once again with the exceptions of using 35 
minutes reaction time and 447 " C reaction temperature. Ail the specimens were coated with a bright, 
smooth, adherent, coherent anid uniform coating. The coating thickness on graphite specimens was 16 
micrometers. The coating was, once again, free of columnar grains X-ray diffraction analysis revealed the 
presence of W and W3C phases in the coating. The crystallite size of W and W 3 C phases determined by X- 

35 ray diffraction technique was 102 and 92 A/ respectively, indicating the fine-grain structure of W + W3C 
"coating. y- -. ■• y:x. 



Examples 3D to 3F 



40. 



three different . CVD runs were carried out using, several AM-350 stainless- steel and 1N-718 specimens. 
All the specirnens were plated with 3-5 fxm thick nickel using electrolytic technique: The specimens were 
heated to 443° C and gaseous mixture of 300 cc/min WFg arid 3,000 cc'min of hydrogen was passed into 
the furnace- over the specimens. Additionally, 300 cc/min of inert argon were passed over the specimens. 
45 The flow rate of DME was varied from 30 to cc/min in these tins 'to change the WR /DME ratio from 10.0 to 
6.0. The W/C atomic ratio varied from 5 to 3 in these runs. A total pressure of 40 Torr. was maintained to 
vary DME partial pressure from 0.33 to 0.55 Torr. (see Table 1). A constant deposition time of 30 minutes 
and a constant H 2 /WF 5 ratio of 10.0 were used irv these, runs;;. ! !.'\! 

AH the specimens used in these runs were coated with a bright, smooth, adherent, coherent, and 
50 uniform coating. The coating thickness on stainless steel specimens varied between 10 and 12 am. The 
coating obtained in all the three runs was free of columnar grains. It had a smooth surface finish The 
hardness of the coating varied between 2361 and 2470 Vickers. X-ray diffraction analysis indicated that 
coating consisted of a mixture of W and W 3 C phases (see Table 2). The crystallite size of W phase was 
approximately 140 A . and it was unchanged with increasing flow rate of DME or decreasing WFs DME ratio 
55 or decreasing .W/C atomic ratio or increasing DME partial pressure. However, the crystallite size of W3C 
unexpectedly increaised from 92 to 119 A by increasing DME partial pressiire from 0.33 to 0.55 or 



decreasing WF G /DME^^fcrom 10 to 6 or decreasing W/C atomic ratio t0 3 - 

Comparing Exam&B^B and 3E, it can be seen that the addition <^^t argon reduces OME partial 
pressure without changing coating composition. This observation indicates that the ratio of WFg.DME or 
W/C atomic ratio is very critical for controlling coating composition......-;. 



Example 3G v ~ 

To" ■d^rmine''the"efect"' of coatirig temperature, another, CVD ; run was:- conducted using reaction 
conditions and specimens indentical to those used in Example 3F. AJower.temperature,(431 " C) was used 
for' coating: All the* specimens were coated with smooth, bright. , adherent coherent and uniform coating. 
'Coatihg thickness (in AM-350 specimens was 8 urn. It had non-columnar grainsand consisted of a mixture 
of W and W 3 C phases: The crystallite size of W and W 3 C phases was. found. to be similar. to : that observed 
in Example 3F (see Table 2). »...■-■ ; * .e r-.^ 

: r f his Exampi^ shows that W >■ W 3 C coating can be deposited at lower.temperature. , . 

Example 3H 

in this Example, a SiC-6 graphite specimen was coated in a CVD run. The specimen was heated to a 
mudfr'iower temperature 371 °C and a gaseous mixture of 350 cc/min. of WF 6 , 3,500 cc/min of hydrogen 
£ricT65 bd/min ofDME was passed into the furnance over the specimen.. A : total pressure.of 40 Tort, was 
used ^ ratio of WF 5 /D|vl5;.and H2/WFS used in this 

Example were 5.38 and - i 0.0, respectively. Additionally/ the W ratio used in this Example was 

The graphite specimen was coated with a bright, smooth, adherent, coherent, and uniform coating. 
Coating thick^ was approximately 6 urn. It was free of columnar . grains and . consisted of a mixture of W 
and.WaC phases.- 

This Example dearly shows that a mixture of W and W 3 C coating can.be deposited at extremely low 
temperature (-370° C). Additionally, it shows that high DME partial pressure or iow WFs/DME ratio or low. 
W/C atomic ratio can be used at iow temperature to yield W + W 3 C coating. 



' Example 31 . 7 :i ' "," ; * ^ ; " : ' : -. : ; 

• • In this Example, several specimens of AM-350 stainless steel and graphite :: were, coated in. a run. The 
. stainless steel specimens, were nickel plated prior to coating using, electrolytic technique, - The specimens 
"• i 5Sfi« ! 'lieatBd(.4o a temperature of about 445* C and a gaseous. mixture of,30 cc/min WF S , 3,300 cc/min of 
Hydrogeh and 60 cc/min of DME . was passed into the. furnace over the, specimens. A total pressure of 40. 
Torn was rnainfeiri^d infhe run to give 0.66 Torr. partial, pressure of DME. A^ts./D^ f^P of 5.0, a W/C 
~ atomic ratio of 2.5 and a H2/W1V ratio of .11.0 were used during the run.; Tl^e deposition was conducted for 
40 minutes (see Table 1). . • - 

" ; "AII tHe specimens were boated With a bright^ smooth; adherent,, coherent,: and , uniform coating. The 
coating • thickness oh AM-350 stainless steel specimens were : rr14u. the,. coating i^wa^free of columnar 
grains and consisted of a mixture of W and W 3 C phases. 

This Example clearly shows that a mixture of W and W 3 C coating can be deposited using high H2/WF5 
ratio (-11.0). Additionally, it shows that high DME partial pressure or low WFg/DME ratio or low W/C atomic 
ratio can be used to yield W + W 3 C coating. ■;;.-.> 



EXAMPLES FOR TUNGSTEN CARBON ALLOY (Wc + ,W 2 C + W3C) COATING. 
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Example 4A 




In this Example, several specimens of AM-350 and SS-422 stainless . steel aipd IN-7.18 were coated 
simultaneously in a run. All the specimens were nickel plated prior to coating using electrolytic technique. 
5 The specimens were heated to a temperature of about 445° C and a gaseous mixture of 300 cc/min WF 5t 
3.000 cc/min. of hydrogen and 55 cc/rnin. of DME was passed into the furnace over, the specimens. A total 
pressure of 40 Torr. was maintained in the run to give 0.66 Torr. partial pressure of DME. A WFs. DME ratio 
of 5:45/ a W/G atomic ratio of 2.72 and a H 2 /WF6 ratio : pf 10.0 were also, maintained during the run. The 
deposition was conducted for 20 minutes (see Table .1). ; -. 
io ." All the' specimens were coated with a bright, smooth, adherent, coherent, anduniform coating. The 
coating thickness on AM-350 stainless steel specimens was ~8 urn. TT^e coating wa? ( free of columnar 
' grains "arid consisted of coarse layered structure (see Figure 6).. The etched crpss-sectiori of the coating 
showed uniform distribution of W, W 2 C and W 3 C. The distribution of W, W2C an<J W 3 C was considerably 
better than the distribution of W and W 3 C in the coatings described in Exarnples :3A and 3B. Furthermore. 
75 the coating had a smooth surface finish as shown in Figure 7. The average surface finish of uncoated 
specimen was 16 micro-inch; whereas, the average surface finish of coated specimen was 5 micro-inch. 
This, therefore, indicated that the coating significantly improved the surface finish. The, cpmposition of the 
coating determined by X-ray diffraction revealed presence of a mixture of three phases* namely W, W 2 C 
aind W 3 C (see Table 2). 

20 Comparing this Example to Examples 3A to 3H, it. can be seen that the use of lower WFs.DME ratio or 
: lower W/C atomic ratio or higher DME partial pressure unexpectedly results in the formation of W + W2C 
+ W 3 C coating rather than W + W 3 C coating. Besides difference in coating composition, the microstruc- 
ture of W + W 2 C + W 3 C coating shown in Figure 6 is dramatically different from the W + W3C coating 
shown in Figure 3. The hardness of W + W 2 C + W 3 C coating, however, is very similar to that of W + 

25 W 3 C coating. 

Comparing this Example to Example 3H, it can be seen that reaction temperature is ; very important for 
controlling coating composition and microstructure. Example 3H resulted in the formation of W + W3C 
coating despite the use of lower WFe/DME ratio or lower W/C atornic ratio or higher DME partial pressure. 

30 : ■ ■ v 1 

Example 4B 

The CVD run described in Example 4A was repeated using a number of A(vt-35G specimens. The 
reaction conditions used were the same with the exceptions of using 443* C reaction temperature, 15 
: ~W minutes reaction time and 300 cc/rnin of argon gas. The. addition of argon gas did not alter the WF 6 /DME, 
J W/C^c3mic arid H2>WFs ratios, but reduced the DME partial pressure to -0.60 : Torr. £11 the specimens were 
~ coated with' a bright, smooth, adherent, coherent, and uniform coating. The coating thickness was Sum. The 
coating was free of columnar grains and had coarse layered structure. X-ray diffraction analysis of the 
tbyri§ iridic^ and trace amounts of W 2 C phases, ; . , ;v: 

40 " ThlS ' Exampile! demonstrates the importance of WFg/DME ratio or W/C atomic ratio and temperature for 
controlling coating composition. A small drop in temperature in this, Example compared to Example 4A 
: causes a dramatic reduction in the amount of W 2 C in the coating. A small decrease in DME partial pressure 
whne v maintaining WFg/DME ratio or W/C; atomic ratio, however, does not cause a change in overall coating 
composition. • ■ ■ , . : ..?:c -v »■ .\>.'e.--.v-«,- 



Example 4C 




In this Example several AM-350, SS-422 and IN-718 specimens similar to those used in Example 4A 
50 were codted,. using! the ^reaction condition^ very similar.to those .used jn Example 4B with the exceptions of 
using slightly higher DME flow rate and reaction "tirnel The DME flow irate used was 60 ml min causing 
WFg/DME ratio to decrease to 5.0. W/C atomic. ratio to decrease to 2.50 and DME partial pressure increase 
to 0.66 Torr. A H 2 /WF 6 ratio used during coating was 10.0 All the specimens were coated with a bright, 
smooth, adherent, coherent, and uniform coating. The coating was free of columnar grains and had coarse 
55 layered structure. The coating thickness * was 12 um. It had a hardness of over 2.000 Vickers. X-ray 
diffraction analysis of the coating revealed the presence of W, W 3 C and a trace amount of W 2 C. This 
Example, therefore, indicated that a decrease in WF5.DME ratio from 5.45 to 5.0 or W/C atomic ratio from 
2J2 to 2.50 and increase in DME partial pressure from 0.60 to 0.66' were not effective in changing coating 



composition. The crA^ttte size of W and W 3 C determined by X-a^diffraction was 80 and 52 A, 
respectively, indicatiri^B-grained microstructure of the coating. The c^^Kte sizes of W + W 2 C + W 3 C 

coating was^§pmeWliat smaller than that of W + W 3 C coating (compare Examples 3H and Example 4C). 
Comparing ^is Sample, to Example 31, it can be seen that H 2 /WIV ratio is: very important for 
., 5,. .controlling i cpatincj^ ^ corTiposltibn arid microstructure. ^ : Eicampie 3t resulted^ in the formation of W + W 3 C 
coating despite the use of similar WFb/DME ratio, W/C atomic ratio and DME partial pressure. 

Example 40" -' • - - 

" 70 

The CVD run described in Example 4C was repeated using similar specimens and reaction conditions 
with the exception of using lower reaction time (20 min.) and slightly higher DME flow rate (62 cc/min.). Use 
ol 62 cc/min. : DME flow rate reduced WF G /DME ratio to . 4.84, reduced W/C atomic ratio to 2.41 and 
increased DME partial pressure to 0,68 Torr. It, however, did riot fesuit in any change in H 2 /WF 5 ratio. Once 
75 again, ali the specimens were coated with a bright, smooth, adherent, coherent and uniform coating. The ... 
coating thickness was 5 urn It was free of columnar 'grains and ^ had coarse layered: structure. X-ray 
diffraction wal'ysis'iBwaled"pre^ci of W, W 2 C arid W 3 C- phases in the coating. The crystallite size of W 
.^nd^WaC phases in the coating are summarized in Table 2. 

This Example shows that at certain DME partial pressure or WF 6 7DME ratio or W/C atomic ratio, a small 
20 increase in DME partial pressure or decrease in WF 6 /DME ratio or W/C atomic ratio causes a major change 
in coating composition. A small increase in DME partial pressure causes the amount of W2C in the coating 
_ to increase from trace amount to minor component 

25 Example 4E 

The CVD run described in Example 4A was repeated using same type of specimens and similar 
reaction conditions with the exception of using higher reaction temperature (451 * C as opposed to 445° C). 
All. the specimens were coated with a bright, smooth, adherent, coherent and uniform "coating. The coating 
30 thickness on AM-350 specimens was 13 urn. it was free of columnar grains, and had coarse layered 
. . microstructure. The coating consisted of W, W 2 C and W 3 C phases, indicating no major change in coating 
composition byjncreasing reaction temperature from 445 to 451 C: 

35 : Example 4F ■ '.'v. ..." ." ' ' V" : "''- r <~\ % • 

Several AM-i350 istainless steel knd SiC-6 graphite specimens] were placed in the. reactor described 
earlier. AM-350 stainless steel specimens were electroplated with 4-5 urn thick -nickel prior to coating 
operation. The reactor was heated to 462* C and a flow of 300 cc/min of WFg, 3,000 cc/min of hydrogen . 

40 and 60 cc/min of DME was established through the reactor for 35 minutes. A total pressure of 40 Torr. was 
maintained during the reaction. These flow ratio and pressure resulted in a WF S /DME; ratio of, 5.0, a W/C 
atomic ratio pf 2.50, a H2/WFS ratio of 10.0, and DME partiai pressure of 0.71 Torr. All the specimens were 
coated with a bright'; shiny; smooth, adherent and coherent- coating. The coating thickness on AM-350 
specimens was 15 urn. It was free of columnar grains and consisted of. fine -layered structure. X-ray 

45 , diffraction analysjs revealed that the coating consisted of a mixture of W, W 2 C, and W 3 C phases, as shown 
in table 27 The crystallite isize of the coating varied, from 73 to 164 A- as shown invTabie 2. 

... using WF 5 /DMF ratio of 5.0 or W/C atomic ratio of 2.50, H 2 /WF 6 H ratio of 1 0.0, DME partiai pressure of 0.71 
Torr , and a temperature of 462° C. It also demonstrates that coating microstructure changes to fine layered 
50 structure by increasing the reaction temperature 

Example 4G *V':'*:^:'y: 

55 ! . ' : An experiment similar to that described in Example 4F was carried out again.. This time only SiC-6 
." graphite specimens were used. The flow rate of DME .was increased from 60 to 70;cc/min, to provide a 
'' : WFe/DME ratio of 4.29" or W/C atomic ratio of 2.14 and a DME partial pressure of 0.83;Torr. A H2/WF5 ratio 
of 10.0 was maintained during the run. A reaction time of 40" min. was used. Other conditiqns were kept the 
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10' 



25 



same. Once again, ail the d^Hhens were coated with a bright, smooth, adh^B and coherent coating of 
13 am thickness. The coatin^was free of columnar grains, and consisted of^ne layered structure. X-ray 
diffraction analysis of the coating revealed presence. of W, W 2 C and trace ampunt of W3C phases (see 
Table 2). The crystallite size of the coating varied. from .120. to. 150 A, as shown in Table 2. 

This Example clearly shows that a coating consisting of a mixture of W, W 2 C arid W3C can be formed 
by using 462* C temperature, 4.29 WFs/DME ratio or W/C atomic ratio of 2.14; 10.6 H 2 WF 5 ratio and 0.83 
Torr. DME partial pressure. It also indicates that increasing DME partial pressure or decreasing WF5.DME 
ratio of W/C atomic ratio is responsible, for reducing the amount of W 3 C in the costing. . 

Example 4H ; V , ..*■.■:>■*'•;■ ... =■ 



{ A CVD experiment using SiC-6 graphite specimens was carried put jn a reaptor similar to that described 
earlier. This time flow rate of 300 cc/min. of WFs. 3.000 cc/min, of hydrogen and a very low flow 40 cc/min. 
75 of DME was used. A. reaction time of 40 min. and, a total pressure of 40 Torr. were used for the coating 
■■ experiment These flow rates and pressure provided .WFs/DME at ? r B. ic rati0 of 3 * 75, 

H 2 >WFs . • ■ - ^Z/J. ' ■ ■' 

: ratio of 10.0 and DME partial pressure of 0.48 Torr. A , reaction t^mjp^rature "off . ..467" ^ . was used. AN the 
specimens . were coated with a bright smooth, adherent and ^coherent coating of -22 urn thickness. The 
20 coatinig was free of columnar grains and consisted of. coarse layered structure. X-ray diffraction analysis 
revealed that the coating consisted of a mixture of W, Ws p apd trace amount of W2C phases. 

Comparing Examples 3A, 3B and 3C to Example 4H. it can' be ' seen "that increasing reaction 
temperature from -447* C to 467* C results in an unexpected change in coating composition. This 
Example, therefore, shows the importance of reaction temperature in controlling coating composition. 



Example 41 • ... . 

CVD experiment described in Example 4H was re^ated...wK|i\^.c<^min. of DME rather than 40 cc/min. 
30 Other conditions were -kept constant. The reduction in DME flow rate caused WFs/DME ratio to increase to 
8.57, W/C atomic ratio increase to 4,23 and DME, partial pressure to drop to 0.42 Torr. A H 2 /WF 6 ratio of 
10.0, however, was maintained during the m^Once again, '^V'fte'^ecimeris were coated with a bright, 
smooth, adherent and coherent coating of -21 urn thickness. The coating was free of columnar grains and 
consisted of coarse layered structure. X-ray diffraction analysis revealed that the coating consisted of a 
35 mixture of W, W 3 C and trace amount of W 2 C phases. This Example showed that a mixture of W, W 2 C and 
; W 3 C ban be formed at 467* C, 8.57 WFe/DMO ratip, . W/C atomic ratio of 4.23, 10.0 H 2 /WF 5 ratio and 0.42 
' • Torr, DME partial pressure. 

40 Example 4J 1 • 

CVD experiment described jn Example 4j was. repeated, with, using 50 Torrl total pressure and 474* C 
■ reaction temperature. The change in total pressure caused DME partial pressure to increase from 0.42 to 
0,52, but it did not affect the WFg /D ME. W/C atomic and H 2 /WFs ratios. All the specimens were coated with 
45 a bright, smooth adherent, and coherent coating of -22 urn thickness. The coating was free of columnar 
■r grains/ and consisted of coarse layered structure. X-ray diffraction analysis revealed that the coating 
consisted of a mixture of W, W 2 C and- W 3 C phases.- - - , 
■ This Example; shows that increasing both , temperature an<j DME partial pressure cause the amount of 
W 2 C in the coating to increase (compare Examples 41 and i..4J)*. This fij?Hing)s unexpected: 

so 

Example 4K 

CVD experiment described in Example 4J was repeated with using 100 Torr. total pressure. 24 ccmin. 
55 - DME, 400 cm/min. WF S and 4,000 cc/min. hydrogen flow rates, 477 *C reaction, temperature! and 15 min. 
reaction time. These flow, rates and .pressure caused WF5 ■ DME ratio, W.C atomic, ratio and DME partial 
pressure to increase to 16.7, 8.35 and 0.54 Torr.. respectively. A constant rH 2 WF € ratio of 10.0, however, 
was used during the run. All the specimens were coated with a bright, smooth, adherent, and. coherent 



coating of 20 lim thi^^ss. The coating was free of columnar grains^^d consisted of coarse layered 
structure. X-ray diffra^^arialysis revealed that the coating consisted ^Aiixture of W, W 3 C and a trace 
- amount 1 of W 2 C phase^^ ' ■■■7 ; 

This Example, therefore, indicates that a mixture of W, W 2 C and W 3 C can be formed by using 477 C 
5 temperature; 16.7 WFs/DME ratio, 8.35 W/C. atomic, ratio, 10.0 >| 2 /vy^ DME partial 

pressure: • • -• '• ^ ••♦ i- \- " ; 

Example 4L 5 -" : j - -v^: 1 " . ••■;-■»--■ ■•■ w.r^;- v.- : 

to- " f; • -.-v.., 

•"" In this^ Example, several AM-350 and IN-718 specimens similar, to those us?d . in : Example 4A were 
coated. The specimens were heated to a temperature of , about 445." C,arid a. gaseous, mixture of 220 
cc/min. WF 6( 2,400 cc/min. of hydrogen, 3,000 cc/min. of argon and 60 cc/min. of DME was passed into the 
furnace over the specimens. A total pressure of 40 Torr. was maintained in the run to give 0.42 Torr. partial 
15 pressure of DME. A WF 6 /DME ratio of 3.33, W/C atomic ratio of 1.67, and a H 2 /WF 6 ratio of ,12.0 were also 
maintained during the run. The deposition was conducted for 90 minutes (see Table 1). • 

All the specimens were coated witfra, bright, smooth, , adherent, coherent, and uniform coating. The 
■ coating" thickhess was"; AM-350 stainless steel specimens was -,~13u v Jhe.- coating was .fine of columnar 
: : grairis : ;and : co : h X-ray-, diffraction anaiysis, of th^ . coating indicated the 

2o presence of W f W 2 C and W 3 C phases (see Table 2).. 

V; ■ - J This ! example,- therefore/ indicates: that a mixture. of W. W 2 C and. r W3C.,can be formed using 445 C 
temperature; 3.33 WF 6 7DME ratio,'- 1.67- W/C. atomic ratio. 12.0 hh/jtfFs, ratio, and i 0.42 Torr. DME partial 
pressure. It also indicates- that a low. WFs/DME ratio or W/C atomic ratio can be. used. to produce W + W 2 C 
■■ coating "provided a H 2 /WFs ratio of 12.0 is used. -This: example alSQ. indipates ; the importance of H 2 /WF* 

25 ' ratio for controlling coating" composition. -v- -v. " \ 



Examples 4M and 4N - :.; ■■< ' c y. - • : , ■ : : 

30 y "" In 1 these examples, several AM-350 and IN-718 specimens similar to those used in Example 4A were 
coated. The specimens were heated to a temperature of about 445 "C and. a gaseous mixture of 200 cc/min 
WF S , 2,400 cc/min of hydrogen, 6,000 cc/min argon and 60 cc/min of DME was passed into the furnace 
over the specimens in both runs. A total pressure of 40 Torr. was maintained in the run to give 0.28 Torr. 
partial pressure of DME. A WFs/DME ratio of 3.33, W/C atomic ratio of 1.67 and a.Hz/yVFs ratio of 12.0 

35 were also maintained during the two runs. The deposition was conducted- for 90 and 80 minutes, 

' respectively (see Table l)'.- ' • ■ ■ v 1 .^ ' 

right, smooth, adherent, cohere coating. The 

coating thickness on AM-350^ stainless steel was r-12u. the ; - coating. was. ; jree of ^cpjprijnar grains and 
consisted of coarse layered -structure. X-ray diffraction analysis of the coating indicated the presence of W, 
40 W 2 C and W 3 C phases (see Table 2) 

: V< These examples show that a mixture of W, W 2 C.and t W 3 d. can. be formed, using extremely low DME 
: partial 'pressure provided WFs/DME ratio, or W/C atomic ratiQ is maintained below certain level. 
' ' Comparing examples L and M it is. clearly evident that the additipn of .diluent argon simply lowers the 
^partial pressure of DME. It does not effect WFs/DME, W/C atomic and. Ha/WFs, ratios Therefore, it does not 
,45 cause any changes in coating composition. ■ : > - ; ; u?-5:":v;v rr.i .'.f 

EXAMPLES FCR TUNGSTEN-CARBON ALLOY (W- + W 2 C) COATING 

50 . - * " " : " 



- Example 5A ' .a : '> ; vv^ 

55 - Rve 0.095 inch x,1 inch x 2 inch SiC-6 graphite specimens were placed in. an. inductively heated 
graphite furnace inside: a gas-tight quartz envelope. The specimens wre.hea^.to-a.tem^rature of 477 C 
and a gaseous mixture of 400 cc/min of WFs, 4,000 cc/min of hydrogen, and 65 cc/min of DME was passed 

- into the furnace over the specimens. The totai pres.sure,within : the : system".w^ maintained at 100 Torr. to 
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provide a DME partial pres^^Rf 1.46 Torr. The ratios of WF^DME, W/C a^^Band H 2 WF 5 used were 
6.15, 3.08 and 10.0, respectively. The deposition was conducted for 15 .minute^thereafter. the flow of the 
reactive gas&s was stopped and the specimens were cooled. . 

The specimens were found to be coated with a bright, smooth; adherent, coherent, and uniform coating 
s of 25 micrometers thick on each side (see Table 1). The coating, was free of columnar grains. It consisted of 
extremely fine grains. Additionally, it had a well defined layered microstructure with layers 1-2 urn thick. 
The coating had a hardness of 2512 Vickers. The composition of the coating was determined by X-ray 
diffraction. It was comprised of a mixture of W and W2C phases, as shown in Table* 2... 

Comparing this Example to Example 4K, it can be seen that increasing DME partial pressure and 
70 decreasing WFs/DME ratib or W/C atomic ratio simultaneously,, causes a unexpected change in coating 
composition. Additionally, it results in higher coating hardness, - v - : , 

Example SB 

Several AM-350 and SiC-6 graphite specimens were coated in a . reactor similar to that described in 
Example 5A; A reaction temperature of 463 ? C, total pressure of 40 Torr. and flow rate of 300 cc/min WF 6 , 
3,000 cc/min hydrogen and 85 cc/min of DME were used for -the reaction. -Reaction time used was 50 min. 
These conditions provided WF S /DME ratio, W/C atomic ratio and DME partial pressure of 3.53, 1.77 and 

20 1.00 Torr., respectively. These conditions also provided hfe/WFs ratio of 10.0. All the specimens were 
abated with a bright smooth, adherent, coherent, and uniform coating of 25 um thick (AM-350) on each 
side (see Table 1). The costing was free of columnar grains. Additionally, it had a well defined fine layered 
microstructure with layers less than 1 um apart. The coating had a hardness of 2758 Vickers. The coating 
was found to contain a mixture of W and W 2 C phases. The crystallite size of the coating was less than 50 

25 A. 

This Example, therefore, shows that a mixture of W and W2C can be formed by using 463 °C 
temperature, 3.53 WF 6 /DME ratio. 1.77 W/C atomic ratio, 10.0 H 2 WF 5 ratio and 1.00 Torr. DME partial 
pressure. Additionally, it indicates that the crystallite size of the coating is considerably smaller than that 
noted in Samples 3 and 4. Furthermore, it indicates that the hardness of the coating is considerably higher 
30 than that noted in Examples 3 and 4. % : > .v>,: -.■ 

;•'•« Bcarnpie 5C "-' v - ■ .-: : .}- 

35 CVD experiment described, in Example 5B was repeated with the exception of using 443*" C tempera- 
ture and 35 mlnff reaction time, All the specimens were.^ once again, coated .with bright, smooth, 
adherent, coherent, and uniform of 20 am thick on each side (see Table 1). The, coating was free of 

coiurhnar grain£ it consisted of a well defined fine layered structure, as shown in , Figure 8. The etched 
cross-section of the coating showed very uniform distribution of W and W2C. The coating had a smooth 

40 surface finish 'as shbwn in Figure 9. The average surface finish of uncoated AM-350 stainless steel 
specimen was 54 micrd-inch; whereas, the coated specimen had an average surface finish of 33 micro-inch, 
f his, .therefore^ indicated that W + W2C coating considerably improved the. surface finish of the specimen. 
X-ray diffraction analysis of the' coating revealed the presence of W and W2 C phases in the coating. The 
crystallite size was less than 50 A (see Table 2). - - > - 

45 This Example shows that a mixture of W and W2C can be formed at lower temperature (443* C) as well. 

Examples 5D to 5L • 

50 A number of CVD experiments were conducted to coat AM-350, AM-355 and SS-422 stainless steel, 
SiC-6 graphite and IN-718 specirnens simultaneously in a run. Reaction temperature was varied in a very 
narrow range; it was varied from 440 to 445 * C (see Table 1). Total pressure was kept constant at 40 Torr. 
in ail these runs. The flow rates of WFg and hydrogen were also kept the same in these runs. Flow rates of 
DME was varied from 70 to 100 cc/min. Additionally, diluent argon gas was used in some experiments and 

55 riot Used in others: The WF 6 .DME ratio was varied from 3.00 to 4.29.'the W*C atomic ratio varied from 1.5 
to 2.65. and the partial pressure. of DME was vaned from 0.76 to 1.08 Torr. However, the ratio of H- WFs 
was. maintained at 10.0 in all the : experiments. Reaction time was also varied in these experiments, as 
shown in Table 1. 



Ail these experin|^^ yielded bright smooth, adherent, coheren^^^i uniform coating of varying 
thicknesses (see Tabf^PThe coating obtained in all these experimeBBbs free of. columnar grains, it 
consisted of well defined fine layered structure. The coating obtained in tnese experiments was extremely 
hard; as shown in Table 1. Additionally, it consisted of mixture of W and W 2 C ph^sef. (see Table 2). The 
' 5 crystallite size of the coating was less than 50 A (see Table 2). .- 

°: : These Examples show wide variations in process conditions that .can .be used to prpduce W + W 2 C 
coating. > . 

io Examples 5M and 5N ...... 

Two CVD experiments were conducted to coat AM-350..AM-355 and. SS-422, stainless steel, SiC-6 
* • graphite ancI IN-718 specimens simultaneously in a run. Reaction, conditions used in. these experiments 

were the same with the exception of using two different flow rate of DME (see Table. 1). The partial pressure 
75 of DME used in these runs was 0.76 and 0.97 Torr., WF 6 /DME ratio used was 3.33 and 4.29, and W/C 
atomic ratio used was 1.67 and 2.15. The ratio of H 2 A/VF 6 used in these experiments was 10.0. All the 
specimens were coated with bright, smooth, adherent, coherent, and. uniform , coating, (see Table. 1 for 
coating thickness). The coating was free of columnar grains. It consisted of fine layered microstructure. 
' ' ;; : * v Coating was extremely hard, as shown in Table. 1., It consisted of a mixture of W and W 2 C phases (see 
: ;: ; 20 : Tatfle2). The crystallite size of the coating with higher DME partial pressure or lower WFs/DME ratio or 
: lower W/C atomic ratio was similar to the one obtained, with- lower DME partial pressure or higher WFs/DME 
ratio or higher W/C atomic ratio. ^ 

;; 25- Example 50 and 5P 

■ : " : These Examples were repeats of Examples 5M and 5N with the exception of, using 454° C reaction 

temperature.' Once aigainr all the specimens were coated with bright, smooth, adherent, coherent, and 
uniform coating (see Table 1). The coating was free of columnar grains. It consisted of fine layered 
30 microstructure. The coating was extremely hard, as shown in Table 1. It comprised of W and W 2 C phases 
with crystallite size less than 50 A. 

'\ f vli! "" Examples 50 to • 

: v - ' A n umber of CVD experiments were conducted to coat AM-350, AM-355 and. SS-422 stainless steel and 
- -; ; - =t jn-71 8 specimens- simultaneously in -a run. Reaction temperature in .the5e.runs was varied from 421 to 
445" C. ! Total pressure, flow- rates of WFs. hydrogen and DME were kept constant in these. runs (see Table 
' : 1); A- diluent argon gas was used in all these runs, ancLits flow..rate was varied ,from .1 JpQ^to 1,800 cc/min. 
40 The flow rate of diluent was considerably higher than used, before. The partifrt pressure* of DME was varied 
• from 0 69 to 0.74vTorr; however; the WFe/DME, W/C atomic and H 2 /WFg ratios were kept constant in these 
tuns Reaction time was also varied in these experiments 

All the specimens used in these runs were coated with bright, smooth, adherent, coherent and uniform 
coating (see Table 1 for coating thickness). The coating was free of columnar grains, it consisted of fine 
45 layered microstructure. The hardness of coating was around 2,400 Vickers, which was considerably lower 
than that observed at very low argon or no argon flow rates. The coating consisted of VV ; and W 2 C phases, 
and the crystallite size of the coating was less than 50 A (see Table 2). 
; r^j .These Examples clearly-vshow that a diluent can , be used, during ^coating reaction without affecting 
' -P r coating composition and 7 crystallite size. However, the diluent is found tp. affect coating hardness. The 
50 change ih coating hardness probably is related to change in coating rate. 

79:-: :-'C6mparihg- Examples-STA and U. to. Examples 4L, Mj.and^N -it can v be .^een.tl^t the' ratio of H 2 .WF S is 
: y : - ' - very important for controlling- the. coating composition. It has already been shown in Examples 5P to 5U that 
^■'W" *' V- ; - simply : Mncre&ing diluent flow rate does not cause any changes in . overall,. coating composition provided 
■ r WFe/DMEi W/C atomic and Hz^WFs ratios are kept constant. Examples AL and. 4N, pn the. other hand, show 

55 that increasing H 2 /WF e ratio from 10.0 as. used in Examples 5P. to, 5U to. 12,0 changes the coating 
-:= ^ composition from W + W 2 C to W .+ W 2 C + W 3 C. These. examples, .therefore, demonstrate the importance 
: ' : v : -': of He/WFs ratio. - / : ■ • , • • ',*.\y~:. ;v!.; v.-:-, ■ 
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Example 5V 




Several AM-350 and IN-718 specimens were coated in a. reactor similar to that described in Example 
5A. A reaction temperature of 445* 0, total pressure of 40 Torr.. and flow rate, of 200 c : a;min. WFs. 2.000 

5 cc/min. hydrogen, 3,500 cc/min. argon and. 60 ccmin. of DME were used for the- reaction. Reaction time 
used was 90 min. These conditions provided WFs.'DME ratio of 3.33, W/C atomic ratio of 1.67. H 2 ,WF; ratio 
of 10.0 and DME partial pressure of 0.42 Torr. Al| the specimens were coated with a bright, smooth, 
adherent coherent and uniform coating of -9am thick (AM-350) on each side (see Table 1 ). The coating 
was fine, of columnar grains. Additionally, it had a well defined five layered microstructure with layers less 

10 than mm apart. The coating had a hardness of 2035 Vickers. The coating was found to contain a mixture of 
W and W 2 C phases (see TAble 3). The crystallite size of the coating was less' than 50 A. 
* ' r this exampie, therefore, shows that -low flow ratios of WF 5 , hydrogen and DME can be. used to produce 
W and W 2 C coatings provided WFs/DME, W/C atomic and Ha'VVFs ratios are maintained. , 

.... 75 : • ' v . - • . ■ >.-.... . 

. Examples 5W and 5X ' ■ 

Several AM-350 and IN-718 specimens were once again coated in a reactor using two different runs 
using 445 " C temperature. 40 Torr. total pressure and flow rate of 100. cc/min. WFs. 1 .000 cc/min. hydrogen 

20 and 30 cc/min. DME. Additionally. 5,000 cc/min. of argon was used in Example W;. whereas, only 4.000 
cc/min. of argon was used in Example X. Reaction time used in these runs was 150 arid 180 minutes, 
respectively. These conditions provided WFs'DME, W/C atomic and H 2 /WFs ratios of 3.33. 1.67 and 10.0, 
respectively. Ail the specimens were coated with a bright, smooth, adherent coherent and uniform coating 
of ~9u,m thick on each side (see Table 1). The coating was free of columnar grains and consisted of a 

25 mixture of W and W 2 C phases. 

these examples, once again, show that low flow rates of WFs, hydrogen and DME can be used to 
produce W and W 2 C coatings provided WFs/DME, W/C atomic and. H 2 /WFs ratios are .maintained. 



30 Exampie 5Y 

In this example several AM-350 and IN-718 specimens were coated in a run. A reaction temperature of 
445 s C, total pressure of 40 Torr. and flow rate of 200 cc/min. WFs, l^^^-^G/griiKi^-.^ hydrogen. 4,000 
cc/min. of argon and 60 cc/min. of DME were used for the reaction. Reaction time used w^s 100 min. 
W these conditions provided WFs/DME ratio, W/C atomic ratio and DME, partial , pressure of 3.33. 1.67 and 
0.41 Torr., respectively; The ratio of H 2 /WFs used was 8.0, which was greater than the stoichiometric ratio 
requjfed tor- cbm jplete' cpn^er^ion of = WFs to HF gas. Ail the specimens .were coated with a bright, smooth, 
:[ fjidtefer^ coating of -9 urn thick on each side, The: coating was free of columnar 

grains and consisted of a mixture of W and W2C phases, 
4d ' ' This example, therefore; shows that a mixture of W and W 2 C can be produced provided a certain ratio 
of WFs/DME or W/C atomic ratio and more than stoichiometric amount of hydrogen required for complete 
. ' ■; conversion of WFs to HF are. used. ■ 

"'4s. Exampile 5Z ' : ' : ' ^~ r '\ T, ' ~'' % ,,: "' ;v " f v - 1 "' ^ : * v •^^■^ l \' /::t: '^:^ 

in this example- several AM-350 and IN-718 specimens were coated in .a run.. A/reaction temperature of 
44S° C. to&i pressure' of 40 Tom arid flow rate of 200 cc/min WFs, 1,200 cc/min r; hydrogen, 4.500 cc/min. 
argon and 60 cc/ni1nV-DME'- : were { ' : Q^d for /the -reaction. 'The ; reaction time. used;., was. .130., min. These 
'•' sp conditions' provided W/C atomic ratio and DME partial pressure of ,3.33, 1.67 and 0.40 Torr.. 

respectively. The ratio of H-jWFg used was 6 0, which was greater than the stoichiprnetric ratio required for 
" complete conversion of WFs arid HF gas. All the specimens were coated with; a, bright, smooth, adherent, 
T coherent, and uniform coating of -10um thick on- each side, The coating was . free of columner grains and 
consisted of a mixture of W and W2C phases. 
55 this exampie, once again, shows that a mixture of W and W 2 C can be produced, provided a certain 
ratio of WFs/DME or W/C atomic ratio and more than stoichiometric amount of hydrogen required for 
complete conversion of WFs to HF are used. 



Example 6 

in this Example, li^specimens of cemented carbide (94% tungSBFcarbide and 6% cobalt) were 
coated in £ run."- The specimens were not nickel plated prior to coating experiment . .The .specimens were 
5 heated to a : temperature of about 445 *. C and. a gaseous mixture of 30Qcc/rnin.:, Wfs,. 3.000 cc/min. of 
hydrogen " arid 55 cc/min. of DMEwas passed into the furnace oyer .the, specimens. A total pressure of 40 
Tori, was maintained in the run to give 0.66 Torr. partial pressure of DiyiE. A.W.FB/D^E^ratio of 5.45, W/C 
atomic ratio of 2;73, r and H 2 /WFs ratio of 10.0 were maintained, during th%,ryn. The deposition was 
conducted for 20 minutes. 

70 The specimens were coated with a bright, smooth, adherent coherent and uniform coating. The coating 
thickness was - 8um. The coating was free of columnar grains and consisted of layered structure. The 
etched cross-section of the coating showed uniform distribution of W, W2C and W3C. The coating had a 
smooth surface finish^- '- ^/^ "i ! *v : . .... s 

This' Example therefore shows that the tungsten/carbon , alloy coatings of the present invention can be 

"75 " deposited on ciemented carbide: Additionally, it shows that there is no need to provide .^.nickel or copper 
inter-layer to protect the cemented carbide while depositing tungsten/c^bon ailpys. . 
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Example 7 



5 In this example, two specimens of titanium alloy (Ti/6AI/4V) were. coated in a . run. Both the specimens 
were plated with 4-5 urn thick nickel using electroless nickel technique. The specimens were heated to a 
temperature of about 445 *C and a gaseous mixture of 3000 cc/min. WFe, 3,000 cc/min. of hydrogen and 
55 cc/min. of DME was. passed into the furnace' over the specimens. A total pressure of 40 Torr. was 
25 maintained in the run to give 0.66 Torr. partial pressure of DME. A WFs/DME ratio qjf 5,45 or W/C atomic 
ratio of 2.73 was also maintained during the run.. A H2/WF6 ratio of 10.0 was also maintained during the run. 
the deposition was conducted for 20 minutes. : 

' The specimens were coated with a bright smooth, adherent coherent and .uniform coating. The coating 
thickness was - 8jxm. The coating was free of columnar grains and consisted of layered structure. X-ray 
30 diffraction analysis revealed the T presence of W, WaC and W3C in the coasting. 

! This example clearly shows that titanium alloys can.be coated with tungsten/caripon alloys described in 
the "present invention. However, a protective nickel, layer is. required, before, coating : titanium alloys with 
tungsten/carbon alloys. 



Example 8 



' -■In this- example, several specimens. of 2219 aluminum were coated .in a. CVD run. All the specimens 
were plated with 4-5 urn thick , nickel using electroless technique. The specimens, were heated to a 
40 temperature of about 371 " C and a gaseous mixture of 350 cc/min.. \A/F G . i. 500 cc/min. ..of. hydrogen and 65. 
cc/min= of DME was passed into the furnace over the. specimens for 20 minutes A total pressure 40 Torr. 
was used to provide- a DME- partial pressure, of 0.66 Torr, The ratto of WF e /QME used was 5.38. 
Additionally, the H 2 /WF S and W/C atomic ratios used were 10 0 and 269, respectively. 
: c.y'j- r - ' r AII the- specimens were coated;- with a bright; smooth,; adherent, coherent and uniform coating. Coating 
^/thickness. was approximately 5 urn. fit was; free of columnar. grains and consisted.. of a. mixture of.W and 
W 3 C phases: - ■■ - ■ - ••, ; . - ; 

This example clearly shows that tungsten/cabon alloy can. be. deposited on aluminum. 
'protective nickel layer is required before, coating alumjnunn,with tangstertfc^bort alloys.. 



so 



Example 9 v ... 



In this example, two specimens of alumina (AI 2 0 3 ) were coated in a^n.The specimens were not nickel 
plated prior to coating experiment. The specimens were heated to a temperature of about 443 C- and a 
55 gaseous mixture of 300 cc/min. of WF S , 3,000 cc/min. of hydrogen, 70 cc/min. of DME and 300 ccmin. of 
argon was passed into the furnace over the specimens. A total pressure of 40 Torr. was maintained in the 
run to give- 0.76 Torr. partial pressure of DME. A WF 6 /DME ratio of 4.29 and W/C atomic ratio* of 2.15 were 
also maintained during the run. Additionally, a H 2 /WF S ratio of 10.0 was maintained during the run. The 
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deposition was conducted f^^^minutes. 

The specimens were coHro with a bright smooth, adherent, coherent araKiform coating of - 12am 
thickness. The coating "was free of columnar grains and consisted of layered structure. X-ray diffraction 
revealed the pressure of W, W 2 C and W3C in the coating. The coating had a smooth surface finish. 
's' This example 1 shows that tungsten/carbon alloy coatings of the present invention, rase be deposited of 
ceramic ' substrates ! such as alumina; Additionally, it shows that there is no . need to. provide a nickel or 
copper interiayer to protect the ceramic substrates while depositing tungsten/carbon alloys? 

to Example 10 - - •* - - -v; 

In this example, two six-inch long and 1/4" diameter molybdenum; rpds : were, coated in a run. The 
molybdenum 'rods were not nickel plated prior to coating experiment. The rods were heated to a 
temperature of about 445*~and a gaseous mixture of 300 cc/min. WFs, 3.000 hydrogen and 40 cc/min. of 

15 DME was passed into the furnace over the specimens for 90 minutes. A total pressure of 40 Torr. was used 
to provide a DME partial pressure of 0.48 Torr. The ratio of WFs/DME used was 7.5. Additionally, the 
H2/WF5 and W/C atomic ratio used were 10.0 and 3.75, respectively. 

Both rods were coated with a bright smooth, adherent, coherent and uniform coating of - 13um 
thickness. It was free of columnar grains and consisted of a mixture of W and W 3 C phases. 

20 this example shows that tungsten/carbon alloys of the present invention run be deposited on molyb- 
denum without a protective interiayer. 
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Example 1 1 



The experiment described in Example 10 was repeated with the exception of using higher (55 cc/min.) 
DME flow rate. This high DME flow rate provided a DME partial pressure of 0.66 Torr. The WFs/DME and 
W/C atomic ratios uised were 5.5 and 2.75, respectively. The ratio of H 2 /WF 6 used was 10.0. 

Both rods were, once again, coated with a bright, smooth, adherent, coherent and uniform coating of - 
30 11um thickness. It was free of columnar grains and consisted of mixture of W, W 2 C and W3C phases. 

ThiS example clearly shows that tungsten/carbon alloys of the present; invention can be deposited on 
molybdenum without a protective interiayer. 

35 Example 12 

iiy this exampler ^ step coating ' process was used. Several ; AM-350, Ti/6AI/4V and IN-718 
•vspecimehs furnace. All the specimens were plated with 3-4um thick 

nickel using either electrolytic or electroless technique prior to CVD experiment. The specimens were 
40 heated tb a temperature of about 442 * C and a gaseous mixture of 300 cc/min. WFs and 3,000 cc/min. of 
hydrogen was passed into the furnace over the specimens for five minuteis to coat them with tungsten. After 
coating ^he specimens with tungsten for five minutes, a gaseous mixture. of 300 cc/min. WFs, 3.000 cc/min. 
of hydrogen and 40 cc/mih: of DME was passed into the furnace for 55 minutes to provide tungsten/carbon 
alloy coating. A total pressure of 40 Torr. was maintained during the run to provide a DME. partial pressure 
45 of 0.48 Torr., a WFs/DME ratio of 7.5, and a W/C atomic ratio of 3.75. respectively. Additionally, a H 2 'WF S 
ratio of 10.0 was used during the coating stepis. 

Alf the 1 specimens were coated with 2-3 am thick tungsten followed by 27-28 am thick tungsten/carbon 
alloy. The coating was bright, smooth, adherent, coherent and uniform. The tungsten interiayer had a well 
defined columnar structure; whereas, tungsten/carbon alloy had non-columnar structure.. It consisted of a 
50 mixture of W and W 3 C phases. 

This example clearly shows that the tungsten/carbon alloys can be deposited oh various substrates with 
a tungsten interiayer. v - 



Example 13 



50 




The erosion perfolWce of some of the coated specimens was det^Ped using a miniature sandblast 
. unit. Crushed glass with, average particle, size of 50 micrometers was directed at the cpated and uncoated 
s - specimens at an angle of ;90" for 10. minutes using thejest prpcedure ^ sumrrianzed in Table^3 The erosion 
— performance of uncoated and coated specimens , was determined based upon^ weight loss as well as 
■ v calculated volume loss in- 10 minutes. .. .... -: " '.. t .."\'... 

AM-350 stainless steel specimens, uncoated and. coated jn.pS^ples gC. 4F and 5C with W + W 3 C t W 
+ W 2 C + W a C, and W i - W 2 C coatings, . respectively [ were tested for erosion performance. The test 
70 results summarized in table 4 indicated that' coated specimens outperform specimen both on 

weight loss basis as well as volume loss basis. Surprisingly, the erosion performance of W + W 2 C + W 3 C 
coating was far superior to that of W + W 3 C coating (see Table 4). Additionally, erosion performance of W 
+ W 2 C coating was considerably better than that of W + W 2 C + W 3 C and W + W 3 C coatings. 
Hi.-::,-,, . eThis- Example^ therefore, .shows, that coatings described^ in this, applipation provide, good erosion 'and 
75 wear protection. Additionally, the degree of erosion and wear protection required can be manipulated by 
• altering the coating composition:,. . - \' r . 

Exacnple Uv y. / >,:--v-- . . ^ . \S''^r*rZ-'*'<-* ' ' 

*The wear performance of W + W 2 C coating was determined using a biock-on-ring test. The test 
machine was made by Falex Corporation, Aurora, Illinois. The wear performance of uncoated 4620 steel 
rings was determined against coated and uncoated 440C steei blocks. The test was conducted in a mineral 
oil having a viscosity of 62.5 centipoise. The oil contained 3.0 urn alumina particles in a concentration of 2 
25 gm/Iitre. The block-on-ring test was performed using a load of 250 ib. and 90° oscillating motion at 60 rpm 
■ - for 20,000 cycles. Wear scar width and weight loss were measured to determine and compare the wear 
; . performance; of coated and uncoated specimens. 

The test results summarized in Table 5 indicated that th# : coated b|ock outperformed the uncoated 
block both on the basis of wear scar on the ring and weight loss by the ring. 
so This example, therefore, shows that tungsten/carbon alloy coatings described iri the present invention 
provide good wear protection.^ . . 

Example 15 

35 ' " " - 

i-; : The. wear performance of,W.+ W 2 C coating was once again determined using a pin-on-disc test The 
test machine, was made by FaJex, Corporation, The wear performance of uncoated and coated 440C steel 
pins was determined against uncoated Sip disc. The. test was ' conducted in a mineral oil having a viscosity 
■i of 62,5 centipoise- It contained 3.0 iim alumina in a concentration of 2 gm/titre. • The pin-on-disc test was 
40 conducted using a load of 4 lbs and, continuous motion at 150 rpm. The wear performance of the coated 
and the uncoated 440C steel pins was, compared based upon the pin wear rate. 

The test results summarized in fable 6 indicated that the coated 440C steel ! pin outperformed the 
uncoated pin; the pin wear rate on the coated specimen was— 18.5 times lower than the uncoated 
specimen despite running it more than two times longer distance. 
45 This example shows that tungsten/carbon alloy coatings discussed in this application provide good wear 
protection. 



Example 16 
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Several Am-350, SS-422 and IN-718 specimens are coated in an inductively heated graphite reactor 
similar to that described in earlier examples A. reaction temperature of 445° C,.a total pressure of 40 Torr 
and flow rate of 300 cc/min. WF G , 3 ; 000 cc/min. hydrogen arid 20. carp in of diethyl either (DEE) are used 
for the reaction and at a reaction time of 50 minutes These conditions provide WFs DEE ratio, VWC atomic 
ratio and DEE partial pressure, of 15.0, 3 75", and 0 24. Torr respectively A H 2 /WF 5 ratio of 10.0 is 
maintained during the run. Based on the previous examples set forth above, all of the specimens are 
expected to be .coated with a bright, smoo^./^dherent, coherent, and uniform Mediating of -20 am thick on 
each side. The coating is expected to be free of columnar grains and a mixture of W and W 3 C phases. 
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Example 17 

CVD. experiment described in Example 16 is repeated with, using 40 cc/min. DEE instead of 20 ccmin. 
The increase in DEE flow rate causes a decrease in WF 6 .DEE ratio to 7.5. a decrease in: w<C atomic ratio 
to 1.88, and an increase in DEE partial pressure to 0.48 Torr; r AII the other .reaction, conditions are 
maintained, the., same as described in Example 16. All the specimens are:.expected : to; be coated with a 
. bright, smooth, adhere^ of -1-5 am thick on each side. The coating, is 

expected to be free of columnar grains and a mixture of W and W 2 C phases. 

Example 18 



Several AM-350, SS-422 and ln-718 specimens are coated in an inductively heated graphite reactor 
similar to thai described in earlier examples. A reabtion temperature of 445" G, total pressure of 40 Torr. 
75 and flow rate of 33 cc/min. WF 5 . 3,000 cc/min. hydrogen and 40 cc/min. of ethanol are used for the 
reaction. Reaction time used is 50 min. These conditions provide WF 5 /ethanol ratio, W/C atomic ratio and 
ethanol partial pressure of 7.5, 3.75 and 0.48 Torr, respectively. A H 2 /WF 5 ratio of 10.0 is also used during 
the reaction. All the specimens are expected to be coated with a bright, smooth, adherent, coherent, and 
: uniform coating of -20 urn thick on each side. The coating is expected to be free of columnar grains and a 
20 mixture of W and W 3 C phases, 



Example 19. 

25 CVD experiment described in Example 18 is repeated with using 80 cc/min. ethanol instead of 40 
cc/min. The increase in ethanol flow rale causes a decrease in WF s /ethanbl ratio to 3.75. a decrease in W/C 
atomic ratio to 1,88, and an increase in ethanol partial pressure to 0.95 Torr. All the other reaction 
conditions are maintained the same as described in Example 3. AH the specimens are expected to be 
coated with a bright, smooth, adherent, boherent, and uniform coating and -15 urn thick on each side. The 

30 coating is expected to be free of columnar grains and a mixture of W and W 2 C phases. 



Example 20 

35 - CVD experiment described in Example 3 is repeated again with using 80 cc/min. methanol instead of 40 
- cc/min- of ethanol. This flow rate of methanol results in WF 5 /methanol ratio, W/C atomic ratio, and methanol 
partial pressure of 3.75, 3.75, and 0.95 Torr, respectively. All the -other reaction conditions are maintained 
the,same as. described. in ^ AH the specim^ are expected to^be: coated wiih : a bright smooth, 

adherent, coherent, and uniform coating of -20 urn thick oh each side , The coating is expected to be free 

40 of columnar grains and a mixture of W and W 3 C phases. 

EXPERIMENTAL 

X-Ray Diffraction (XRD) Instrumental Apparatus and Experimental Procedures 

so* - • .. 

Diffraction experiments were performed using a manually-controlled Siemens 0500 and, in a few cases, 
a Philips APD 3720. For most scans on the Siemens and all scans on the Philips, graphite-monoch- 
; ./ romatized CuKa ..radiation (X = 1.541 78A) was employed: for some" scans on the Siemens, vanadium- 
. filtered CrKa radiation (X.s 2.29092 A) was used. The Siemens had f a 1 ' fixed divergence slit. 1 " scatter 
55; slits, a spller slit in the diffracted j&am'.ai ''OAS* ^etecfoVWlit. and .' for CuKa radiation, a 0.15* slit in the 
di^apted beam . mphochra had a - Variable divergence slit which kept the sample 

illumination length fixed at 13.2mm. Both instruments had scintillation^ x-ray detectors. Data output for the 
Siemens was by strip-chart recording; that for the Philips was in the form of digitized diffraction traces 



which were stored in fi le^Jn a dedicated Micro POP 1 1-23 computer. 

The volume of illuminated by x-rays varied with the ty^fc. diffractorneter and radiation 

employed. The SiemHWllumination area. decreased, as. -the. diffracti^Bngle (29) increased, while the 
Philips illumination area was constant and independent of 20, The penetration ciepth is a function of x-ray 

s wavelength, the linear absorption coefficient of the sample, and , diffractj^ calculation 
showed that 99% of CuKa diffracted intensity for a reflection whose d-spacing was 2.25A (20 -40 ) came 
from the top -2,5jim of these tungsten-rich materials. The corresponding penetration depth for CrKa 
radiation was ~1.3um. The region between 1.3um and 2.5um, which effectively could not be probed by 
CrKa x-rays, accounted for -10% of the total CuKa diffracted intensity. 

10 Diffraction scans were made for the purpose of phase identification and, in some cases, for^measuring 
cyrstallite size. Survey scans over wide angular regions (usually, 5° -90 " for CuKa and 15 -115 for CrKa) 
at rapid scan rates (5*/min. or 2 a /min.) were initially obtained. If there was some doubt about the presence 
of a weakly-diffracting phase, scans were repeated at a slower (1*/min.) scan rate, d-spacings were 
calculated employing the Bragg equation: 

75 -■' "-■ 

X = 2 d sin 0. (1) 

Relative intensities were taken directly from the strip-chart recordings (Siemens) or plotted diffraction traces 
(Philips). 

20 Phases were identified manually by comparing observed d-spacings and relative, intensities with those 
found in Powder Diffraction File (PDF) cards 2-1 134 (W 2 C), 2-1 138 (W 3 Cy\ and 4-806 (W). Due to preferred 
crystallite orientation, more attention was pafd to the positions of lines than to their intensities. 

(■ PDF. card 2-1138 is actually for W a O. W 3 C and W 3 0 are structurally . isomorphous. To determine 
whether the coating consists of W + W 3 C or W + W a O, an Auger Emission Spectra (AES) depth profile 

25 was performed on a CVD produced tungsten/carbon alloy coating.. Within the detection limits of the 
technique (>0.1 atomic percent) no oxygen was observed within the coating depth of -360 3 A that was 
profiled. However,, approximately 5.3 atomic percent carbon was observed within the depth profiled, 
indicating that the coating consisted of W + W 3 C rather than W + W 3 0.) : : ^ 

Certain isolated peaks in the scans were rescanned slowly (1/2*/rri|n. or 1 /min;) for the purpose of 

30 estimating crystallite size. The crystallite size is given by the Scherrer equation (B. D v : Cullity. "Elements of 
X-ray Diffraction" (Reading. Mass: Addison- Wesley, 1978), p. 284): 

Crystallite Size = R gg- Q * <2> 



where; c is a constant set to 0.9 and 
, - (/9?-^) 1/2 ; (3) ; ; 

where: £i is the full width at half-maximum (FWHM) of the observed diffraction line arid jSo is the FWHM of 
■ ■■k diffraction; line- -of a : highiy-crystalline reference material. The reference material used was Linde C 

alumina, ft . was dbtained by. linear interpolation between the FWHM's of reference diffraction lines whose 0- 
. values spanned that of the observed line: 



Interpretation of XRD Results 

Based on phase composition, the materials can be divided into three groups. Some were binary 
mixtures of W and W 3 C; some were ternary mixtures of W, W 3 C and W 2 C; and still others were binary 
mixtures of W and W 2 C. The crystallite sizes were uniformly small, almost always less than 200A and often 
less than 100A. 

Figure 11 is a Siemens CuKa scan of a WAA/ 3 C/W 2 C mixture. This pattern is rather more crystalline 
than the average, and shows clearly that all three phases are present. Figure 12 is a Siemens CuKa scan of 



21 



a ternary mixture, but in tht^Be a trace amount of W 2 C is present in the s^^ft- Figure 13 is a Siemens 
CuKa scan of a ternary mbSre and here a trace amount of W 3 C is present^^rne sample. Figure 14 is a 
Siemens CrKa scan of a very low-crystalline, almost amorphous W/W 2 C mixture.. Figure 1 5. is a typical scan 
of a W/W 3 C mixture;. No W 2 C was detected in this scan.. . : - t 
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Erosion Test Procedure 'r ' 


Nozzle Diameter 


0.045 inch ... y '•'■*. 


Stand Off Distance 


0.5 inch 1 


Erosion Media 


Crushed Glass (50 um Average Particle Size) 


Supply Pressure 


45 psig ■! r : : ; ]• 


Flow Rate of Erosion Media 


1.0 g/min 


Erosion Test Standard ' 


Weight Loss in 10 Minutes : 
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Wear Test Results 



440C Steel 


4620. Steel 


Wear 


Weight Loss, trig 


• - Block - 


Ring . . 


Scar, mm 












Ring 


Block 


; Uncoated 


Uncoated 


1.37,,:....- 


-.3.52,-. 


0.01 


Coated 1 


Uncoated 


0.89 ,, • • 


0.06..; 


-.0.07: 


Coated 


Uncoated 


0.79, v- 


.0.10 ' 


0.1.9. 



" % ; ' :; '"■"-'* ' Table 6 
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Wear Test Results, ; 




440C Steel 


SiC Disc 


Total Sliding v 


-"• Pin Wear Rate, 


Piri 




Distance, cm x 10 s 


cm 3 /gm cm x i0~ 15 


•Uncoated 


Uncoated 


- 5.6 


1,72 


v Coated : . : 


Uncoated 


13.4 


0.093 



^Y---V= V " V ' -. ' " " Conclusion; ' '■• ' : -; •' ;:r - v; i-. 

' Thus it can; be seen that the present invention discloses extremely hard, fine grained, non-columnar 
30 \ung^en-^rbon allays which consist essentially of a mixture of a substantially pure tungsten phase and at 
"least one carbide prtasl^ wher^irt the carbide phase consists 'of W 2 C or W 3 C or a mixture of W 2 C and W a C. 
The new silloys are, harder, and more. resistant to fracture, corrosion, erosion ;arid wear; than are tungsten- 
carbon 'ciiioys of the prior art that are produced by conventional chemical vapor deposition techniques and 
thus are composed of large columnar grams. "■ 
/ 3S . The prese^ invention aisb discioses>; method for' producing the hew tungsten-carbon alloys wherein 
the ctimpositiSh of the alloy's carbide phase can be controlled by controlling the temperature at which the 
reactions are run! the ratio of tungsten halide to oxygen- and hydrogen-containing organic compound and 
. the: ratip^ of . hydrogen to. tungsten halide. Thus the method [ makes jt-pdssible fof those skilled in the art to 
produce custom alloys having desired carbide characteristics. ^ - r - u t 
40 Various modifications of the invention in' addition'to^ose'showri-a will become 

apparent to those skilled in the art from the foregoing description and examples Such modifications are 
intended to fall within \he scope of the appended claims. ' 

45 claims ^ ■ \ ' ";;'";_ . •;/; ' " If '-^'^ "'^] •.;.';? 

1 a method for debiting a hard, fine-grained, non-columnar alloy of tungsten > and carbon on a 
subsfra^ boShsistmg essentially of a mixture of a substantially pure tungsten phase and a 

carbide^ carbide phase is selected from the group consisting of (1) W 2 C, (2) W 3 C, and 

50 (3) a/mi^ure'orWaC ^' W 3 C f ~said method comprising the steps 1 of. providing; m a chemical vapor 
deposition reactor, a mixture of process gases comprised essentially of (1) a tungsten halide, (2). a volatile 
oxygen-, and hydrogen-containing drganic compound, and (3) hydrogen; controlling the ratio of said 
" tungsten ^ hydrogen-containing organic compound, within'^said reactor so that the 

W/C atomic ratiqi Is 'withip\.tfie'rmge'bf about 0.5 to about . 15; controlling the reaction temperature so it is 
55 within. the range of about 300* ; to about 650° C.;. controlling trie total pressure within the range of about 1 
. . torr. to about._1.Q00 Torr.f and controiiing the amount of said hydrogen present in said reaction, mixture so it 

required for reduction of said tungsten halide to produce W and W 2 C. 
:r • 'W*"and r W 3 *C.* or W' and WaC and" W 3 C: - ^ ^. -o-o- - 
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2. A method according f^^Hm 1 wherein said tungsten halide is tungster^^wluoride. 

3. A method according t^Waim 1 wherein said oxygen- and hydrogen-conwitng organic compound is 
selected from the group consisting of Gi-C* alcohols and aidehydes, C 2 -d ethers, epoxides and ketenes 
and C3-C4 ketones: 

s 4. A method according to Claim 1 wherein said oxygen- and hydrogen-containing organic compound is 

dimethyl ether. 

5. A method to Claim 1 wherein the ratio of H 2 to WF? is within the range of about 4 to about 20. 

6. A method to Claim 1 wherein the ratio of H 2 to WF 6 is within the range of about 5 to about 10- 

7. A method according to Claim 1 wherein said reaction temperature is controlled so it is within the 
70 range of about 350 d C. to about 500° C. x .^ 

8. A method according to Claim 1 wherein said reaction temperature is controlled so it is within the 
range of about 400 * C. to about 485 * C. 

9. A method according to Claim 1 vyherein said reaction pressure is controlled so it is within the range 
of about 20 to about 100 Torr. 

75 10. A method according to Claim 1 wherein said mixture of process gases further includes an inert gas 
selected from the group consisting of argon, nitrogen and helium. 

11. A method for depositing /a" hard, fine-grained, non-columnar alloy of tungsten and carbon on a 
substrate, said alloy consisting essentially of. a mixture of a substantially pure tungsten phase and a carbide 
phase wherein said carbide phase is W^C, said method comprising the steps of: providing, in a chemical 

20 vapor deposition reactor, a mixture of process gases comprised essentially of (1) a tungsten halide, (2) a 
volatile^ oxygen- and hydrogen-containing organic compound containing from one to four carbon atoms, and 
(3) hydrogen; controlling the i ratio of said tungsten haiide to said oxygen- and hydrogen-containing organic 
compound within said reactor to that the W/C atomic ratio is less than about 4; controlling the reaction 
temperature so it is within the range of about 300" to about 650° .; controlling the reaction pressure so it is 

25 within the range of about 1 to 1000/Torr,; and controlling the amount of said hydrogen present in said 
reaction mixture so it is more than a stoichiometric amount required for reduction of said tungsten haiide to 
produce W and W2C. 

. /12. A method, according to Claim 11 wherein said tungsten halide i? tungsten hexafluoride* 

13. A method according to Claim 11 wherein said oxygen- and hydrogen-containing organic compound 
■a 30 is selected from the group consisting of C1-C4 alcohols and aldehydes, C 2 -C* ethers, 1 epoxides and ketenes 

and Gz-d ketones; . -.. - ,, .' 

14. A method according to Claim IT wherein said oxygen- and hydrogen-contairiing organic compound 
is dimethyl ether. .. :v ; . ;. .., v , : !\"". t ',• . 

15. A method to - Claim 1 1 wherein the ratio of H 2 to WF 5 is within the range of about 4 to about 20. 
r 35 c :,. 16. A method to Claim 11 wherein the ratio of H 2 to. WFs, is within the range of about 5 to about 10o 

17. A method according to Claim 11 wherein said reaction temperature is control led so it is within the 
range of about 350 * C- to ab^out 500, °,C. 

18. A method according to Claim, 11 wherein s^d reaction temperature is controlled so it is within the 
range of about 400 * C; to about 485* C. 

\4Q> 19. A method according to Claim 11, wherein said reaction pressure is controlled so it is within the 
range of about 20 to about 100 Torr. 

20. A method according to Claim 11 wherein said mixture of process gases further includes an inert gas 
selected from the group consisting of argon, nitrogen and helium. 
' 21 . A method for depositing a hard, fine grained, non-columnar alloy of tungsten and carbon on a 
45 substrate, said alloy consisting essentially of a mixture of a substantially pure tungsten phase and a carbide 
■x- phase wherein said carbide, phase is W3C, said rriethod.comprising^the steps of: 

-v , providingi in a chemical vapor deposition reactor, a mixture of process gases comprised essentially of (1 ) a 
tungsten halide, (2) a volatile oxygen- and hydrogen-containing organic compound containing from one to 
■ ^ . four carbon atoms, and (3) hydrogen; controlling the ratio of said .tungsten haiide" to said oxygen- and 
'so ; hydrogen-containing org^jc cpmppund.. within. said reactor, so that . the W C atomic ratio \s within the range 
of about 2 5 to about -15, controlling the reaction temperature so it s. within the range of about 300 ' to 
- about 650 *C; controlling the reaction, pressure so it is within the range of about i to 1000 Torr.; and 
controlling the: amount of said hydrogen present. in s^d,reaction mixture so it is more than a stoichiometric 
amount required for reduction of said tungsten halide to produce W and W7C. 
55 22. A method according, to Claim, 21 wherein said tungsten halide is tungsten hexafluoride. 

23. A method according to Claim 21 wherein said oxygen- and hydrogen-containing organic compound 
is selected from the group consisting of C1-C4 alcohols and aldehydes, C 2 -C* ethers', epoxides and ketenes 
and C3-C4 ketones. 

_ . ^ A . \ . : 



24. A method accoging to Claim 21 wherein said oxygen- and hydromn-containing organic compound 
is dimethyl ether. ; 

25. A method to <SPr 21 wherein the ratio of H 2 to WF e is within. thePKge of about 4 to about 20. 
26; A method to Claim 21 wherein the ratio of H 2 to WF S is within the range of about 5 to about 10. 

5 27. A method according to Claim 21 wherein said.reaction temperature is. controlled.. so. it. is within the 
range" of about 350^ C. to' about 500 * C. • . ........ . 

2B. A method according- to Claim 21 wherein said reaction temperature is. controlled, so it is within the 
"rahge of about 400* C. to about 485 " C. '•• 
: /: : 29. A method according to; Claim 21. wherein said reaction pressure is controlled so it is within the 
w range'bf about 20 to about'100 Torr. ^ :~.-r .-.<•:■ ; 

30. A method according to Claim 21 wherein said mixture of process gases further includes an inert gas 
.. selected "from the group consisting of argon; nitrogen and helium. . 

• 31. [Jt- method for depositing a hard, ' fine grained; non-columnar alloy of tungsten and carbon on a 
' ^substfate; said alloy consisting essentially of, a mixture of a. substantially pure tungsten phase and a carbide 
75 ^hdse^ Wherein - said carbide phase is a mixture of WaC + vWa the steps of: 

providing; in a'ch^micar vapor deposition reactor, a. mixture of. process gases comprised essentially of (1) a 
tungsten, halide, (2) a Volatiie oxygen- and hydrogen^ontaining organic compound containing from one to 
' "fdtJpcarbon atomsV and (3) hydrogens controlling vt^ to- said oxygen- and 

hydrogen-containing ; organic compound within said reactor so said the W/C ; atomic ratio is within the range 
26 : Wibout 2:p to abdut 10; controlling the reaction temperature sp it is. within the range of about 300 to about 
650 °C; controlling the r^action pressure so it is within, the range.of about 1 to 1000 Torr.; and ; controlling 
" 1 the^arnount of -said' Hydrogen- present in said reaction mixture so it is ; more than; a stoichiometric amount 
required for reduction of said tungsten halide to produce W and W 2 C + W 3 C, 
1 ! * Z2£- A; method according to Claim 31 wherein, said tungsten. halide is tungsten hexafiuoride. 
^2S ; - ;; ^ 33- ^Xmkhbd "according toClaim 31 wherein said oxygenr ^ ^d hydrogen-cpntaining. organic compound 
'-■ : is selected frbrh the group consisting ofd-C* alcohols and aldehydes, C2-C4 ethers, epoxides and ketenes 
: "and C3-CV ketones; -^;-iv-" :-:v-.V.-. >r -.• . 

34. A method according to Claim 31 wherein .said oxygen- and. hydrogenrcon^ning organic compound 

is dimethyl ether. :>l '• :: • • -' z - ■ a - 

• so' - 35/ A method to Claim 31 "wherein the ratio of H 2 to.WFs is within the range of about 4 to about 20. 
v .• : ? : : a method id Claim 31 wherein the ratio, of H 2 to WFs is within, the range of about 5 to about 10. 

v 37v A method according to Claim 31 wherein said reaction temperature, is.controiled so it is within the 
"•'^•"•"'-riarige 'df-^out. ; 350"-C^o:-'aboutv500*Cvv;; ■ *':}■.?• r^- 

-38. A method' according to Claim 31 wherein said reaction temperature is controlled so it is within the 

-35 Y^ge'of^ 

; ' 39. A method according to Claim 31 wherein said reaction pre. ssure is controlled so it is within the 
range.of about 20 to- about lOOTorf. .</?--. .• • '•• 

':<<y.~- :: v to Claim 31 wherein said mixture. of process gases further, includes an inert gas 

ielebfed fro 

40 ; "'^IVA' harcirfihe^rained product of tungsten and carbon, said product being essentially free of columnar 
grains and having , a hardness greater than about 1500 Vickers, said product, consisting essentially of a 
r mixture of a substantially pure tungsten phase and. a carbide phase -wherein sad. carbide phase is selected 
' frbm-W of (1) W 2 C, (2) W 3 C, and ;: (3); ; amixture.;pf W 2 C, + W 3 C,,said product being 

' produced by ^the ^processv comprised of:- providing, in ^- chemical yapor. deposition reactor, a mixture of 
45 process: gases comprised : essentially of (1 ) a tungsten: halide,.,.(^ oxygen- and hydrogen- 

^ : r : • : dohtainihg organic ;cbm pound ;v and (3) hydrogen; controlling .the Vy/C .atpmic. ratio within the said reactor so 
: said'ratio is within the range of. about .1 to 15; controlling. the. reaction., temperaturs. so it is within the range of 
about 300 * to about 650* C; controlling the reaction pressure so it is within the range, of about 1 to 1000 

of-said hydrogen present in - said reaction mixture r so it is more than a 
50 stoichiometric amount required for. reduction of. said tungsten. halide tq. projduc^^ W and W 3 C, 

- or W^ahd;w 2 C and W 3 C. - . ■■•iftv*t*- # ,y .>,=-,r ; /,. r ■ 

■ 42. A product according to any of Claim .41 : wherein said product is lamellar in appearance when cross- 
'• ' sectioned and etched, with layers being less than about 2 micrometers. thick..;. . / 

43. A product according to any of Claim 41 wherein said product, consists essentially of fine, 
55 homogeneous and equiaxial grains having an average crystallite size of less than about .0.1 microns. 

44. A product according to any of Claim 41 wherein, said product consists essentially of homogeneous 
and equiaxial grains. 
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45. A thermochemicallw^wsited hard, fine-grained product consisting ^^Bitiaily of a mixture of a 
substantially pure tungsten i^Se and a carbide phase wherein said carbid^Pase is selected from the 
group consisting of (1) W 2 C, (2)W 3 C, and (3) a mixture of W 2 C + .W 3 C, said product being essentially free 
of columnar grains and having a hardness of greater than about 1500 Vickers. / 
5 46. A product according to any of Claim 45 wherein said, product is lamellar in. appeiar^nce when cross- 
sectioned ind etched, with layeVs being less than about 2 micrometers thick. . . 

47. A product according to any of Claim 45 wherein said product consists essentially of fine, 
homogeneous and equiaxiai grains having an average crystallite size of less than ,0.1 microns. 

481 A product according to any of Claim 45 wherein said product^ consists ^ssentialiy of homogeneous 
io knd equiaxiai grains: : yr r->v r ■ 

49. A coated substrate product comprising a substrate, selected, from the group, consisting of ferrous 
arid non-ferrous metals,- alloys, graphite, cemented carbides and. ceramics, having a fine-grained coating 
thereon wherein said coating "consists essentially of a mixture of a, substantially puraltu^gsten phase and a 
c^bidVp^ phase is selected from the group consisting. of (1) W 2 p. (2) W 3 C. and 

is (3) a mixture of W 2 C + W 3 C, said coating on said coated substrate product being, essentially free of 
columnar grains iahd having a hardness of greater than about 15Q0 Vickers. 

J : 50. A product according to any of Claim 49 wherein said product is lamellar in appearance when cross- 
sectioned and etched, with' layers being less than about 2 micrometers thick. , v 

51. A product according to any of Claim 49 wherein said product consists essentially of fine, 
20 homogeneous and equiaxial grains having an average crystallite size of less than 0.1 microns. 

52. A product according to any of Claim 49. wherein said product consists essentially of homogeneous 
and equiaxiai grains. 

v 53; A product according to Claim 49 wherein said substrate is a metal or alloy which is reactive with 
process gases comprising (1) a tungsten halide, (2) a volatile oxygen- and hydrogen-containing organic 

25 compound containing from one to four carbon atoms, and (3) hydrogen and wherein an interlayer of a noble 
metal selected from the group consisting of nickel, cobalt, copper, silver, gold, platinum,. rhodium, irridium 
and palladium is deposited between said substrate and said carbude phase. 

54. A coated substrate product comprising a substrate selected from the group consisting of ferrous 
and. hoh-ferroljs metals,-' alloys, graphite, cemented carbides and. ceramic^ having, a chemical vapor 

30 deposited coating of substantially- pure columnar tungsten thereon followed by a fine-grained second 
coating bn' the tungsten coated substrate wherein said second coating, consists essentially of a mixture of a 
pure tungsten phase and a carbide phase wherein said ciarbide phase is selected from . the-. group consisting 
of (i) W 2 C, (2) W 3 c; and (3) a mixture of W 2 C + W 3 C, said second coating on said coated substrate 
product being essentially free of columnar grains and having a hardness of , greater than,, about 1500 Vickers. 

35 55. A product according to any. of Claim 54 wherein said second coating : is : iameriar in appearance when 
crpsf-sectioned and etched, with layers being less than about' 2 micrometers thick. ^ v ,. v 

: ■&6. 'A pn^U^ wherein: said second qoating consists essentially of fine, 

homogeneous and equiaxial grains having an average crystallite size of . less than __0(. : l^fc;ipps. 
1 57" A product according to any of Claim 54 wherein said product consists essentially of homogeneous 

40 and equiaxial grains. 

; 7 58. A product according to Claim 54 wherein said substrate is a metal, or alloy which is reactive with 
process gases comprising (1) a tungsten haitde and (2) hydrogen and wherein an interlayer of a noble metal 
selected frd^ group consisting of nickel, cobalt, copper;; silver. gold. c platinum* rhodium, irridium and 
paliadium is deposited betWeen said substrate and said columnar.tungsten coating. ^ f ., ? . 

45 ; r! 59. A thermochemically deposited hard, fine grained product, consisting essentially: of a mixture of W + 
Vy 2 C phases, said product being essientiaily free of columnar grains, and having a hardness of greater than 

about 1500 Vickers. t I^l ^ *>^v- 

60 ! A product according to any of Claim 59 wherein said product i? lamellar in .appearance when cross- 
sectidned arid etched, with layers being less than about 2 micrometers thick.- vr(: 

50 61/ A product according to any of Claim 59 wherein said product consists essentially of fine. 
: homogeneous' and' equiaxiai grains having an average crystallite size of Jess than 0.1 microns. 

62. A product according to any of Claim 59 wherein said product consists essentially of homogeneous 
* aind equiaxial grains:" * : * !: * 

63. A the^ochemicaily dejposited hard, fine grained product consisting essentially of a mixture of W + 
55 W 3 C phases, said" product being essentially free of columnar grains, and having a hardness of greater than 

about 1500 Vickers. 

64. A product according to any of Claim 63 wherein said product is lamellar in appearance when cross- 
sectioned and etched, with layers being less than about 2 micrometers thick. 



65. A product ac«ding* to any of Claim 63 wherein said prod^lconsists essentially of fine, 
homogeneous and eqSM^rains having an average crystallite size less^Bp.1 microns. 

66. A product accoraraj to any of Claim 63 wherein said product cof^m essentially of homogeneous 
and equiaxial grains. 

67. A theirnochfrnicalj^ consisting .essentially of a mixture of W + 
W 2 C + WaC phasesl'sM grams, . and haying a hardness of 
greater than about 1 5u6:Vickers. 

68. A product a|B^dingvtp any of Claim ^whereiq said product is jlameHar in sippe^ance when cross- 
sectioned and etchyrwitinl'ayers being less than about 2 micrometers thick. 

69. A product -according to any of Claim 67 .wherein .^said produqt^ consists^ essentially of fine, 
homogeneous and eqdiaxiai grains having an average crystallite size of less than. 0,1 microns, 

70 A product according to any of, Claim 67 Wherein said product consists essentially of homogeneous 
and equiaxial grains.- ^ •". ' ' y- "\y^-,V '* ' * ? ' " .V"" ' * 
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